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This  report  covers  work  conducted  from  April  I960  to  September  I960. 
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ABSTRACT 


/  .  S 


Data  available  in  the  open  literature  on  diffusion  in  tungsten,  tanta¬ 
lum,  molybdenum,  niobium,  platinum,  hafnium,  zirconium,  vanadium,  chromium,  and 
titanium  is  revievad  and  evaluated.  Information  on  ninety-five  binary  systems 
and  thirteen  ternary  or  higher  order  systems  is  reported. 

Care  was  taken  to  make  this  report  as  complete  as  possible  at  this  time. 
For  soae  systems  where  no  diffusion  data  was  available,  diffusion  coefficients 
were  estimated  from  existing  theories  or  from  data  on  diffusion  controlled 
processes. 
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INTRODUCTION 


In  the  past  few  years,  the  importance  of  diffusion  in  refractory  metale 
has  become  increasingly  emphasized  due  to  the  application  of  these  me  cals  to 
high  temperature  uses  such  as  space  vehicles,  Jet  engines,  and  nuclear  processes. 

For  practical  as  well  as  for  fundamental  reasons,  the  rates  of  diffusion  in 
alloys  of  these  metals  are  of  considerable  consequence.  Most  reactions  which  oc¬ 
cur  in  the  solid  state  are  greatly  dependent  upon  the  diffusion  of  atoms  through 
irho  lattice  structure  and  along  grain  boundaries.  Thus,  diffusion  is  frequently 
rate-controlling  in  such  processes  as  grain  growth,  homogenization,  oxidation, 
age  hardening,  sintering,  creep,  and  elastic  after  effects.  In  addition  to  the 
substitutions1  alloying  elements  used  in  the  refractory  metal  alloys,  the  inter¬ 
stitial  alloying  elements  such  as  carbon,  oxygen,  nitrogen,  and  hydrogen  also  are 
often  present  in  sufficient  quantities  to  influence  the  alloy  prperties  signi¬ 
ficant  ly. 

In  the  processes  of  determining  which  elements  should  fall  under  the  term 
refractory  metals,  three  groups  of  elements  were  categorized  with  respect  to 
their  general  importance: 

Group  I  -  Diffusion  of  niobium  (columbium),  molybdenum,  tantalum,  and 
tungsten  with  any  other  element. 

Group  11  •  Diffusion  of  zirconium,  hafnium,  platinum,  iridium,  osmium, 

rhenium,  rhodium,  and  ruthenium  with  any  other  element.  Data 
was  found  only  on  slrconlum,  hafnium,  and  platinum. 

Group  Ill  -  Diffusion  of  titanium,  chromium,  and  vanadium  wi .  any  other 
element. 


IX.  GROW  1 

A.  Diffusion  In  Tun  its  tan 
1.  Self-diffusion 

Self-diffusion  of  tungsten  was  reported  in  1956  by  two  Russian 
investigators,  Vssilsr  wid  Cher  name  chtmko.i*)  The  radioactive  isotope  Wlftt 
was  oxidissd  to  UOg  and  applied  as  a  unifo  %  coat  <0  to  SO  microns  thick,  onto 
the  surface  of  tungsten  discs.  The  activity  was  measured  at  the  surface  of  the 
discs  as  s  function  of  tiaM  st  teapersturea  in  t he  rente  of  1257  to  1453°C.  The 
date  fits  tbs  equation 

D  -  6.3  e  107  exp  (-*35, 000/IT). 


Manuscript  released  by  the  author  December  1,  1/60,  for  publication  as  *  KABD 
Technical  Report. 


WARD  TR  60-793 


1 


The  data  appears  tc  be  quite  good,  but  at  temperatures  as  low  as  the  ones 
used  in  this  investigation,  one  would  expect  a  fair  amount  of  grain  boundary 
diffusion.  The  activation -energy  is  of  the  right  order  of  magnitude  for  lattice 
diffusion,  but  the  D0  is  excessively  large  for  self-diffusion  by  a  vacancy  or 
ring  mechanism.  The  authors  estimate  their  error  in  D  as  being  25  to  30  percent. 

(2) 

Using  the  field  emission  microscope.  Muller  measured  the  surface  migra¬ 
tion  of  tungsten  atoms  on  tungsten  in  the  temperature  range  927  to  1227  C.  Ue 
obtained  a  value  for  the  activation  energy  of  surface  diffusion  of 


Q  »  106,500  +  800  cal/mole. 


This  value  appears  to  be  quite  large,  and  there  was  some  doubt  expressed  in  the 
literature  as  to  whether  Muller  vas  measuring  surface  diffusion  ot  volume  diffu¬ 
sion.  By  applying  the  theory  of  HerringO)  to  the  rate  of  blunting  of  tungsten 
needles  which  were  heated  and  observed  in  the  electron  microscope,  Boling  and 
Dolant*)  concluded  that  surface  diffusion  vat  the  controlling  mechanism  in 
Muller's  experiments. 

In  a  move  recent  investigation  by  Sokolovskaie/^  the  activation  energy 
for  surface  diffusion  was  found  to  be  Q  ■  73,200  +  4,500  ca 1/mole.  The  measure¬ 
ments  utilised  the  field  emission  microscope  and  were  carried  out  over  the  tem¬ 
perature  range  of  927  to  1327°C . 

Barbour,  Charbonnier,  Dolan,  Dyke,  Martin  and  Troian^  repot c-d  surface 
diffusion  date  for  tungeten  over  the  temperature  range  of  1527  to  24*>‘?C.  A 
pulse  field  emission  microscops  was  used  to  measure  the  rounding  of  *’  points 
of  tungsten  needles.  From  a  least  squares  line  through  43  experimental  points, 
the  equation 


D  -  4  exp  H/2,W)0  +  1800)/RT| 


was  arrived  at.  Tills  appears  to  be  the  most  complete  end  probably  the  swat  re¬ 
liable  data  on  surface  diffusion  to  tungsten. 

Sokolovskiis^  sad  Hettlar  and  Charbonnier^  showed  that  the  activation 
energy  is  considerably  smaller  if  a  largo  continuously  applied  electric  ftald  is 
used.  The  high  electrostatic  field  at  the  crystal  aurfaca,  present  through  in¬ 
duced  polarisation  of  the  surface  stoats,  produces  s  reduction  of  the  potential 
hill  which  on  atom  must  surmount  in  order  to  migrate  from  one  stable  site  to 
another. 

2.  Interstitial  Diffusion 
s.  Tungsten-Boron 

(8  9) 

Two  Russian  investigators,  Samsonov  and  Latyshevs'  t  ' 
Studied  the  diffusion  of  boron  and  carton  into  s  number  of  transition  elements. 
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Since  their  "diffusion  constants"  are  not  the  standard  diffusion  coefficients 
encountered  in  physical  metallurgy,  their  technique  and  results  will  be  reported 
in  detail  here,  but  will  be  referred  to  only  briefly  under  the  other  system  that 
they  have  investigated.  In  systems  where  there  is  other  data  available,  their 
data  is  greatly  in  error.  Nevertheless,  the  data  is  interesting  and  possibly 
of  value. 

Specimens,  3  to  4  am  diameter  cylinders,  were  charged  with  carbon  by  plac¬ 
ing  the  specimens  in  a  suitable  holder  and  were  surrounded  with  lamp  black.  For 
saturation  with  boron,  a  charge  of  99. IX  purified  amorphous  boron  was  used  in  a 
mixture  of  3Z  NH^Cl  as  a  diffusion  activator.  The  time  at  temperature  for  each 
temperature  was  two  hours.  On  the  basis  of  weight  changes,  hardness  data,  metal- 
lographic  observations,  and  x-ray  analyses,  the  compounds  formed  on  the  surface 
were  determined. 

Diffusion  constants  (which  appear  to  really  be  constants  associated  with 
the  rate  of  growth  of  the  compound  layer)  were  calculated  from  the  relation 


D  (C  -  C2)  -  CoK 


where  D  is  the  diffusion  coefficient,  C  -  C2  is  the  difference  In  concentration 
of  the  metalloid  on  the  boundaries  of  the  layers,  and  ft  is  defined  as 

-  1  -  x*  +  2x^  in  x  _2 

*  •  - VT  . . .  *  * 


where  x  is  the  radius  of  the  specimen  (ft)  mlnua  the  thickness  of  the  diffusion 
sons  and  t  la  the  tine. 

The  activation  energy,  Q,  was  calculated  from  the  relation 


D  (C  -  C2)  -  Dq  exp  (-0/IT) . 


The  data  for  tungsten-boron  diffusion  is  shown  in  Table  1  and  may  bo  given 


D  -  3.72  x  103  exp  {<-20,400  +  6400)/*U'J. 


Samsonov  in  »n  earlier  report,  stated  that  Q  »  17,200  cs 1/sole.  Tbe 
growth  of  the  UjU  phase  was  measured  and  the  a asst  analysis  aa  outlined  above  was 
used  to  calculate  the  activation  energy. 
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Table  1 


Rl 


Tungsten-Boron  Diffusion  Data  Using  the  Samsonov  and  Latysheva  Technique 


..<M> 


1000 
1100 
1300 
1400 
1/00  18.0432 

1800  21.5496 

1900  56.7896 


2° 

(era  /sec) 

s 

!  '  ^ 

860  +  170 

0.231 

(cnr/sec) 


b.  Tungsten-Carbon 

There  le  very  little  sgreeaent  between  the  different  In¬ 
vestigators  ou  diffusion  of  carbon  Into  tungsten,  even  though  several  of  then 
used  the  name  technique.  Samsonov  and  Latysheva ,(8, 9)  employing  the  method  de¬ 
scribed  previously  under  the  tungsten-boron  system,  gave  a  value  of 


D  -  1.02  x  106  expR39,500  +  13,400)/RT]. 


n>c  data  is  glvsn  In  Table  2.  The  growth  of  the  VjC  phase  was  uasd  for  deter¬ 
mining  the  diffusion  coefficient  over  the  temperature  range  of  14G0  to  2000°C. 


Table  2 

TUnseten-Cstbon  diffusion  Date  by  Samsonov 


and  Latyshevs 


(°  (C  -  C,)  (cal/mole) 


(c»2?sec) 

c  -  c2 

(g/cm3) 

(emVsec) 

96,500  ±  9300 

0.0)3 

1.02  x  106  exp  (--^p) 
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Kreiaer,  Efron,  and  Uaranova.^^  utilising  the  same  analytical  system  de¬ 
scribed  by  Samsonov  and  Latysheva,  obtained 

D(C  -  C2)  -  2750  exp  [-(112,000  +  3,000)/RT] 

D  -  25,000  exp  [-112,000  +  3,000)/RT] 

over  the  temperature  range  of  150 )  to  1800°C.  The  data  appears  to  have  much 
leas  scatter  than  that  of  Ref.  8,  but  the  activation  energy  atill  may  be  too 
large. 

(12  j 

Pirani  and  Sandor  placed  large  grained  tungsten  beads  in  a  carbon  bed 
and  heated  them  to  temperatures  of  1535  to  1805°C.  The  depci'  of  the  lungsten- 
carbon  phase  vaa  measured  at  various  times  at  each  temperature.  The  activation 
energy  for  the  growth  of  the  tuagaten-cerbon  phaae  (assumed  to  ba  dlffualon  con¬ 
trolled)  was  found  to  be 


Q  •  59,000  t  5,000  cal/aole. 

D0  wot  calculated  from  the  Duehmsn-Lanjpmilr  equation,  [D  *  jjg-  exp  (HJ/RT) 

where  d  •  the  jump  distance  in  cm,  Q  la  In  cal/aole,  h  la  in  eal/aec,  and  D  la 
in  ca2/eac],  to  be  D0  •  0.31  cm2/ sec. 

Zvikker^1^  measured  diffusion  of  carbon  in  tungsten  at  ,0°C  by  —ana 
of  thermionic  emission.  He  obtained  tbs  values  listed  in  Table  3. 


■T8b.lt  .3 

luagt«n-C*rbon  Dlffualon  Coefficient!  for  »00°C* l3) 


Vyps  of  Vira 

D  (cm2/«ac) 

Single  crystal  wire 

•if  J 

0.12  x  10 

Drawn  wirs 

0.52  x  10~12 

Drawn  wits  with 

0.75X  ThOj 

0.63  x  10~12 

Plntsch  wire 

2.55  x  10“12 

Large  voids  observed  in  the  Pintech  wire  was  given  as  ths  rttson  for  the  higher 
diffusion  coefficient.  Taking  D  •  S  s  ca2/sec,  Q  «  125,000  cal/aole  1* 

calculated  from  the  Dushman-Laagauir  equation. 
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It  is  clear  that  more  accurate  data  is  needed  on  diffusion  of  carbon  in 
tungsten. 

Surface  migration  of  carbon  on  tungsten  was  followed  with  the  field  emis¬ 
sion  microscope  by  Klein. (16)  a  tungsten  point  wa6  shadowed  with  carbon,  heated 
to  various  temperatures,  and  observed  in  the  field  emission  microscope  at  room 
temperature  at  given  time  intervals.  A  sharp  moving  interface  was  followed  which 
gave  a  linear  relationship  between  distance  moved  and  the  square  root  of  time. 
Measurements  were  made  at  8S0,  975,  and  L100°K.  This  data  yields  an  activation 
eaergy  of  Q  *  55,000  +  7,000  cal/mole,  indicating  that  Q  for  lattice  diffusion 
of  carbon  in  tungsten  is  probably  of  the  order  of  100,000  cal/mole. 

c.  Tungsten-Argon 

Surface  diffusion  of  argon  on  tungsten  was  measured  by 
Goner'  with  the  field  emission  microscope.  A  value  of  the  active vion  ennrgj 
for  this  process  is  given  as 

Q  -  600  +  200  cal/mole. 

The  very  low  value  of  Q  signifies  an  extremely  small  binding  eaergy  between  ergon 
and  tungsten  atoms  at  the  surface,  as  might  be  expected  from  the  inertness  of 
argon. 

d.  Tungsten-Hydrogen 

Surface  migration  of  hydrogen  on  tuagaten  wee  foll-wud  with 
the  field  ealaaion  microscope  by  Wortman,  Comer,  and  Lundy,  A  mo.», rayer  of 
hydrogen  on  tungsten  gives  an  activation  energy  for  surface  diffusion  of  Q  « 

9,00*>  cal/mole.  An  earlier  paper  by  Gomer  and  HulmdJ)  gave  Q  •  16,000  cal/mole 
for  0.1  monolayer  of  hydrogen.  However,  this  corresponds  to  moveamnt  from  higher 
energy  sites  only,  since  thare  are  not  sufficient  hydrogen  stoma  to  completely 
fill  all  sitaa. 

e.  Tungsten-Oxygon 

Wortman,  Corner,  and  luady^^  measured  surface  migration  of 
oxygen  on  tungsten.  They  found  that  a  monolayer  of  oxygan  on  tungsten  gives 
Q  “19,000  cal/mole,  while  a  0.1  monolayer  gives  Q  *  30, COO  cal/mole. («) 

/  I  Q\ 

Muller,  also  using  the  field  emission  microscope,  found  Q  •  16,000 
cal/oole  for  the  surface  diffusion  of  oxygen  on  tungsten,  which  la  in  good 
agreement  with  Wertman’et1®)  value  of  Q  *  19,000  cal/mole. 

3.  Substitutional  Diffusion 


Tungsten-Barium 

Am 


.(20) 


Muller'*''  and  Becker'""  have  observed  surface  migration 
of  barium  on  tungsten  with  the  field  amission  microscope  but  neither  of  them 
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calculai  tid  diffusion  coefficients  from  their  data.  Becker  gives  data  for  sev¬ 
eral  different  crystallographic  planes  and  fo*  different  voltages,  temperatures 
and  thicknesses  of  barium. 

b.  Tungsten-Cerium 

(21) 

Dushaan,  Dennison,  and  Reynolds  have  measured  the  lat¬ 
tice  diffusion  of  cerium  in  tungsten  by  observing  the  thermionic  emission  as  a 
function  of  time The  samples  were  4-ail  diameter  filaments.  At  2000°K  (1727°C) 
D  »  95  x  10-11  cor/ sec  and  D  *  1.15  exp  (~fl.',000/RT) .  Measurements  were  not 
mentioned  for  temperatures  other  than  2QOO°K.  Hence,  the  D0  and  Q  values  were 
probably  determined  with  the  Duehoan-Iangnuir  equation.  Diffusion  coefficients 
calculated  for  temper* Lures  other  than  2000°K  are  probably  not  on  firm  ground. 

No  mention  was  made  as  to  the  cerium  cootent  of  the  filaments,  but  from  the 
relatively  large  value  of  Q,  the  cerium  content  must  be  small. 

c.  Tungsten-Cesium 

The  surface  diffusion  of  cesium  on  tungsten  ves  measured  by 
Langmuir  end  Taylor'^)  using  the  thermionic  emission  technique.  These  investi¬ 
gators  made  measurements  for  both  the  first  adsorbed  layer  end  the  second  ad¬ 
sorbed  layer  of  cesium  on  the  tungsten  surface. 


Table  4 

(22) 

Surface  Diffusion  of  Caelum  on  Tungsten v 


First  Adsorbed  Layer 

temp. 

(°c> 

(cm2/«ec) 

(cafysec) 

Q 

(cel/mole) 

^^9 

^^9 

I. 2  x  10“l* 

J. 5  x  10~7 
a.o  x  10-* 

4.0  m  10“S 

■ 

■ 

Second  Adsorbed  Layer 

l 

3.4  x 

2.2  x  10“3 

3.2  x  10~3 

■ 

2,300 

The  considerably  l^wer  activation  energy  for  the  second  adsorbed  layer  is 
due  to  the  movement  from  higher  energy  sites  for  the  first  adsorbed  layer.  The 
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movement  of  the  second  Adsorbed  layer  probably  come*  closer  to  surface  diffu¬ 
sion  of  cesium  on  cesium,  which  would  be  expected  to  have  a  smaller  activation 
energy  chan  surface  diffusion  of  cesium  on  tungsten. 

d.  Tonga tcn-I ron 

Vastier,  Kamardin,  Skatskii,  Chernooorchenko ,  and  Shuppe^23^ 
studied  the  diffusion  of  Fe59  into  tungsten.  The  tracer  was  applied  by  electrol¬ 
ysis  of  FeClj  onto  a  slab  of  tungsten,  150  am*  by  0.4  am  thick.  Diffusion  sam¬ 
ples  were  run  at  1210,  1313,  1409,  tad  1513°K.  The  data  fits  the  equation 

D  -  1.4  x  10~2  exp  (-66,000/tT) 


an  error  in  D  estimated  by  the  author*  as  being  3CX.  G*u&‘.  S l4* 
into  (tfe,  yFe,  and  a  0.82X  carbon  ateel.  The  diffusion  anneals 
out  in  the  temperature  range  of  700  to  1250°C.  The  dete  te  given  In 


da  fluted 

were  carried 
Table  5. 


Table  5 

Data  on  Diffusion  of  Into  Iron ^ 24^ 


»• 

D  x  1012 

(o»2/eec) 

Iron 

o.en  c 

Steel 

700 

0.7 

0.4 

750 

2.0 

0,9 

775 

•■atwa 

2.0 

800 

7.8 

3.8 

850 

34 

6.0 

875 

16 

eta*-* 

900 

10 

13.0 

950 

19 

7.5 

1000 

14 

15 

1050 

12 

17 

1100 

18 

44 

1150 

69 

190 

1200 

210 

230 

1250 

460 

560 
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This  data  was  found  to  fit  the  following  equations: 


Dape  -  3.8  x  102  exp  (-70,000/RT) 
D  pg  -  1  x  103  exp  (-90,000/RT) 

DY«tetl  "  13  exp  <~75*OOQ/RT>- 


Van  Lieapt^  ^  determined  the  rate  of  diffusion  of  iron  in  tungaten  by 
measuring  the  rate  of  evaporation  of  iron  from  a  tf  «  0.041  Pe  alloy.  Ha  stated 
that  D  •  11.5  exp  (~143,000/RT).  This  value  for  the  activation  ^;jergy  is 
greater  by  a  factor  of  two  than  that  observed  by  Vasller  at  al. •  7  Possibly 

the  rate  detercaining  step  in  Van  Lleapt's  evaporation  experiments  was  not  diffu¬ 
sion,  but  rather  a  phase  boundary  controlled  reaction.  This  data  has  also  been 
interpreted  aa  representing  self-diffusion  in  tungsten.  Certainly,  the  tracer 
technique  of  Vasller ‘a  la  much  preferred  over  the  rate  of  evaporation  measure¬ 
ments  of  Van  liempt  as  far  as  determining  diffusion  coefficients  is  concerned. 

Crube  end  Schneider bonded  pure  iron  to  an  iron- tungsten  alloy  end 
dif luted  them  et  1230,  1330,  end  1400°C.  The  staples  were  sectioned  end  chemi¬ 
cally  analysed  by  conventional  methods.  The  diffusion  coefficients  ere  defi¬ 
nitely  e  function  of  composition.  However,  the  concentration  gradient*  were 
analysed  by  the  Grub*  analysis, (2?)  since  the  Neteno  enelyela'**'*  usd  not  yet 
been  published  when  this  work  wee  done.  Their  date  ie  Hated  in  T.Me  6. 


Table  6 

Ixperlemntel  Oftt  of  Stub*  and  Schneider* 26)  Cor  Piffu»ion  in 

aatia&toL  £att2il£lsat 


Treatment  1 
Temp. ,  12flO°C 
Time,  24  hr 

Cy,  4.2X  V 

Treatment  2 
Temp.,  1330°C 
Time,  18  hr 

C0,  3.8SX  « 

treeumnt  3 

Tamp.,  1400°C 

Time,  7  hr 

C  ,  lit  V 

0 

C 

D  x  1010 

C 

C 

n  i«lO 

D  x.10 

*  (cm) 

(X  «) 

(cm^/ssc) 

(X  «) 

IgygBl 

(X  «> 

(cm?/*ec) 

0.0925 

3.2 

3.95 

3.42 

24.1 

9.12 

0.0075 

1,43 

3,59 

2.59 

24.2 

0.0125 

0.57 

4.07 

1.87 

24.8 

2.41 

0.0175 

wmrm 

3.46 

IWM 

23.2 

1.08 

0.022S 

■ 

0.79 

24.3 

0.97 

32.2 

0.0275 

m 

0.51 

25.7 

0.69 

40.0 

0,0325 

43.4 

0.0375 

■ 

0.10 

38.* 
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This  data  does  not  Lend  Itself  to  a  dctetaination  of  the  activation  energy, 
because  the  temperature  range  is  too  narrow  and  there  is  too  much  scatter  in  an 
Arrhenius  plot. 


Bosworthv  1  measured  the  surface  diffusion  of  potassium  on 
tungsten  by  the  photoelectric  emission  method.  The  values  he  obtained  are  tabu¬ 
lated  in  Table  7. 


Table  7 

8urface  Diffusion  of  Potassium  on  Tungsten^ 


Ten*. 

(°C) 

,  2°  . 
(cm  /etc) 

480 

0.57  x  10”5 

590 

10.0  x  io”5 

-5 

780 

280  x  10 

Toe  equation 


0.43  sap  (— 15,200/KT) 


is  a  good  representation  of  this  data.  St  should  be  noted  that  these  values 
ere  for  low  potassium  concentration.  As  the  potassium  concentration  increased, 
the  diffusion  coefficient  was  observed  to  decrease.  Shis  is  the  opposite  h* 
turvlor  from  what  wee  observed  for  tungsten-cesium,*22)  tungsten-hydrogen,*-6*^) 
end  tungsten -oxygen . ( lb » * 7) 


Diffusion  of  molybdenum  into 


tungsten  single  crystals  was  carried  out  by  Van  Uampt.<&»  The  molybdenum  wee 
in  the  form  of  gaseous  NoClj  itixed  with  hydrogen.  Layers  of  the  metal  were 
machined  off  and  chemically  .\alyted  by  standard  procedures,  tha  molybdenum 
concentration  varied  between  0  sod  20  weight  percent  molybdenum. 


ataUlne  tungsten  end 
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Table  8 

Diffusion  of  Molybdenum  into  Single  Crystal 


and  Polycrystalline  Tunas  teriv 


This  data  fits  the  equations: 


Single  crystal  '  6*3  *  10  “p  ^SOO/ET) 

Dpoly  cryaui  *  5  x  ***>  H»,5Q0/«T) . 

The  diffusion  coefficient  for  tuagsten-molybdanum  diffusion  isay  be  quite 
dependant  on  concentration  due  to  the  difference*  in  pc It log  point*  but  no  *ucb 
dependence  wee  reported.  (This  date  wee  publiehed  before  the  publication  of  the 
Katano  analysis.)  A  plot  of  log  D  va  1/T  Is  shown  in  Mg.  1. 

Anothar  value  waa  publlahad  for  2400°C  at  a  latar  data  by  Van  Uampt; ^  ^ 
0«  1  k  Iff®  cm2.' sac  (polycryetallina  tungsten  at  2400°C) . 


. j„.Tb«  surface  diffusion  of  sodium  on  tungsten  lias  been  deter- 
mined  by  fcoswor Co  '  using  the  method  of  photo-electric  emission.  A  small 

patch  of  sodium  wee  placed  on  the  center  of  e  tungsten  etrip  filament  and  haeted 
for  various  times  et  pre-determined  teaperaturee.  The  etrip  wee  then  traversed 
with  a  well  defined  spot  of  light  end  the  photo-electric  properties  measured  along 
the  atrip.  8y  this  method  the  following  data  in  table  9  was  obtained. 
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«nd  »ingls  crystal  tungsten. 
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Table  9 


Surface  Diffusion  of  Sodiua  on  Tun»6ten^ ^ 


Temp. 

<°K> 

D  x  10S 
(cnr/sec) 

Temp. 

<°*) 

D  x  105 
(cm2/aec) 

293 

0.8 

500 

50.0 

350 

3.2 

520 

77.0 

375 

6.0 

555 

128 

41C 

13.0 

620 

200 

420 

20.0 

690 

270 

430 

30.0 

740 

310 

450 

34.0 

800 

330 

Thaee  vcluea  were  found  to  fit  the  equation 


D  -  0.1  exp  (— 5560/tT) . 


The  data  lovke  aulte  good  and  very  coaplete.  It  would  correspond  to  she 
■econd  adsorbed  layer  of  the  tungaten-ceslua  aystea,  That  la,  that,  uaa  suffi¬ 
cient  sodlua  prassnt  so  that  Bosworth  was  not  Measuring  diffusion  ?ma  the 
higher  energy  sites,  but  was  Measuring  true  surface  diffusion, 

h-  luanstan-lllchal 

,  *  .  .  ®¥*Un  «od  Hartin'  prepared  pressure  welded  diffusion 

roubles  of  pure  nickel  and  n  HI  1.51  W  alloy.  SpactraphotOMstrle  analysis  on 
lutht  turning  vn  ui«d  to  dttcrmliui  tht  cojui«atr*tloa  gradient. 


UbU  10 

Tungsten-Nickel  Diffusion  at  Low  Tunas  fan  Coapoaltions^ ^ 


1  Taap. 
(°C) 

D  (cm Vase) 

1153 

1.78  x  Uf11 

1187 

3.40  x  10"*U 

1220 

4.17  x  lo“U 

1252 

1.07  x  i0~10 

1289 

1.85  x  10~l° 
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The  variation  of  the  diffusion  coefficient  with  temperature  may  be  expressed  by 


I)  »  11.  i  exp  (— 76,800/RT) . 


Although  the  temperature  range  used  in  this  investigation  is  rather  small,  the 
data  is  sufficiently  good  to  limit  the  error  In  the  activation  energy  to  +  1000 
cal/mole.  A  plot  of  log  D  vs  1/T  is  shown  in  Fig.  2. 

(33)  185 

Allison  and  Moore'  '  evaporated  W  onto  the  surface  of  nickel  single 
crystals  and  large  grained  polycryatals  in  the  temperature  range  of  1100  to 
1275  C.  The  usual  sectioning  and  counting  procedures  were  used.  Both  single 
crystal  and  polycrystalline  data  obey  the  equation 


D  -  1.13  exp  (— 71,000/ET). 


The  scatter  in  their  results  is  quite  small. 

Specimens  were  also  diffused  between  pure  nickel  and  a  Mi  -  4,91  V  alloy. 
This  data  fits  the  same  equation  as  above,  A  plot  of  log  D  vs  1/T  is  shown  in 
Figs.  3(a)  and  (b). 


i.  Tungsten-Silicon 

The  growth  of  the  USi2  phase  was  observed  as  n  function  of 
temperature  by  Samsonov  and  SolonnlkovaOQ  *or  tungsten  cylinder**  packed  in  eili- 
con  powder.  Using  the  analysis  outlined  under  the  tungsten-bo; v..  system, (8,9) 
these  iavestigetore  determined  the  estivation  energy  for  the  process.  Mo  date 
polnte  were  given  end  no  Arrhenius  plot  was  shown.  The  activation  energy  was 
given  as  Q  •  5,760  cel/mole  which  is  excessively  low.  Their  results  ere  probably 
worthless  for  uee  as  diffusion  date,  but  slight  have  some  practical  value  in 
other  applications. 


J.  Tungsten-Thorium 

(35) 

Dustmen  and  Langeulr  '  measured  the  diffusion  of  thorium 
in  tungsten  at  2300  *1  using  the  field  emission  microscope.  They  obtained  D  * 

1.1  x  10~*  cur/aec  at  2300®K.  The  activation  energy  wee  calculated  by  means  of 
the  Duahman-Langmulr  equation  ae  Q  •  94,000  +  3,000  cal/mole. 

Langpulr^)  obtained  the  data  in  Table  11  by  the  seme  technique.  These 
values  yield  an  activation  energy  of  Q  -  94,000  cal/mole  end  Dj,  »  1.13  cm2/ esc 
which  agrees  with  the  value  of  kef.  35. 

Languilr^7)  Interpreted  this  date  ae  being  representative  of  grain  bound¬ 
ary  diffusion. 


MADD  T»  60-793 


14 


diffusion  la  tuo|iUo>olcluil 
itr«tloa.(32) 


*1 


u  \0~" 
z  d 


D0=2.6CMz  SEC-' 

H  =  73)00  CAL  MOLE"’ 

•  SINGLE  CRYSTAL  NlCf*R 
4  LARGE  GRAIN  NICKEL 
DIA~  0.5  CM 


The  temperature  dependence  of  the  diffusion  fro«  a 
tungsten-nickel  alloy  into  pure  nickel. v^3) 


% 

n  «%-< 


•  SINGLE  CRYSTAL  Ni 
A  LARGE  GRAIN  Nt 

♦  POLYCRYSTAL  Nl 


-  The  teaper store  dependence  of  the  diffusion  itom 
tungsten  layer  Into  pure  nickel. (33) 


ilili^ 


60- 


Table  11 


Grain  Boundary  Diffusion  in  Tungsten- 
Thorium  System!  36y~ 


Temp. 

<°K) 

2 

D  (cm  /sec) 

2055 

2300 

2400 

2500 

1.1  x  10“10 

1.12  x  lo"9 
3.57  x  10* 
6.8  x  lo"9 

Ponda.  Young,  and  W«lker(38)  found  D  -  (1  +  0.2)  x  10_U  cm2/eec  at  2400°K. 
Langnuir(3')  interpreted  this  data  as  lattice  diffusion  data  and  calculated  Q  ■ 
120,000  ca 1/mole  and  D0  ■  1  from  the  Dushaan-Langstuir  equation. 

Proa  data  obtained  by  Brattain  and  Becker, ^39^  using  an  electron  emission 
technique,  Langmuir*37'  calculated  Q  -  66,400  ca 1/mole  and  D0  -  0.47.  This  was 
interpreted  as  surface  diffusion. 

In  suwoary,  the  values  stated  by  Langmuir*37*  are: 


D.urf.c.  "  »  '-7  “P  <-«.»00/»T) 
W>  boundary  *  l-a  «»  <-9*.«WW 


“uttic.  ‘  1,0  “»  (-UO.OOO/II). 


With  the  exception  of  the  data  of  Kef.  36,  all  values  of  the  activation 
energy  ware  calculated  by  means  of  the  Duihmsn-Langaulr  equation  from  data  at 
one  temperature.  Hit*  leaves  some  doubt  es  to  the  eccurscy  of  the  values  given 
for  D0  end  Q.  Unfortunately,  there  is  no  data  available  that  waa  obtained  by 
tha  more  accurate  sectioning  or  electron  probe  methods  for  comparison. 

k.  Tunas ten-uranium.  Tungsten-Yttrium,  and 

Tunas  ten-2irconlum 

The  measurement  of  the  lattice  diffusion  of  uranium,  yttrium, 
and  clrconlum  in  tungaten  waa  done  by  Dustwah,  Dennison,  and  laynolds(^/  by  ob¬ 
serving  the  thermionic  emission  as  a  function  of  time.  The  temple*  used  were  4- 
mil  diameter  filament#.  The  following  diffusion  data  waa  obtained  at  2000°K; 
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for  uranium: 


D  *  1.3  x  10  ^  cm^/sec 
D  -  1.14  exp  (-100,000/RT) 


for  yttrium: 

D  ■  1.82  x  l<f*  cm2/aec 
D  -  0.11  exp  (-62,000/RT) 


for  zirconium: 


D  ■  3.24  x  10"9  cm^/sec 
D  -  1.1  exp  (— 78,000/RT). 


Measurements  were  not  mentioned  for  temperatures  other  than  2000°K  (1727°C). 
Hence,  the  D0  end  Q  values  were  probably  determined  with  the  Duahman-Langmuir 
equation,  heuce  diffusion  coefficients  calculated  for  temperatures  other  than 
2000°K  are  probably  not  on  firm  ground. 

The  data  for  diffusion  in  tungsten  is  summarized  in  Table  12. 


8.  Diffusion  in  Tantalum 
1.  Self-diffusion 

Self-diffusion  in  tantalum  has  beau  maaaured  by  several  investi¬ 
gators.  Eager  and  Langmuir activatad  a  small  volume  of  a  tantalum  strip  in 
the  theraal  column  of  the  NRX  pile  and  then  heated  these  strips  in  vacuum  In  the 
temperature  range  of  2100  to  2800°K.  The  radioactivity  after  diffusion  wee 
measured  along  the  ler^th  of  the  strip.  This  data  fitted  the  equation: 


D  -  2  exp  (-110,000/RT). 


A  great  deal  of  grain  boundary  diffusion  was  observed  by  autoradiographic  tech¬ 
niques  in  samples  diffused  at  temperatures  near  1800°K.  An  attempt  at  meaauring 
surface  diffusion  by  evaporating  o  surface  deposit  of  radioactive  tantalum  on  a 
clean  tantalum  strip  yielded  Dsurjace  as  being  approximately  10'  tinea  larger 
than  ^littlcc  1800^1. 

Grueln  and  Meshkov deposited  Ta^  onto  tantalum  discs.  Two  discs 
were  then  clamped  tggether  with  their  active  faces  in  contact  and  diffused  be¬ 
tween  1200  sod  1300  0  for  times  up  to  320  hours.  Their  data  la  given  in  Table  13. 
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Table  13 


Self -diffusion  Data  for 


'antali'm^  ^ 


Temp. 

13 

D  x  10 

<°C) 

(cm^/sec) 

1200 

1 

1250 

2.5 

1300 

7.6 

(421 

Gruzin  and  Meshkov  at  a  later  date  stated  that  self  diffusion  in  tan¬ 
talum  may  be  represented  by  the  equation: 

0  ■  1.3  x  103  exp  (-110,000/RT). 


This  shows  excellent  agreement  in  the  activation  energy  with  the  data  of 
Eager, but  a  considerable  discrepancy  exists  between  the  two  values  of  DQ. 
Since  the  value  of  D0  is  normally  expected  to  be  in  the  rang  of  0.1  to  10  for 
self  diffusion.  Eager's  value  of  2  is  probably  the  better  value  to  use. 

2.  Interstitial  Diffusion 

a.  Tantalua-Boron 

Samsonov  and  Latysheva^'^  uaing  the  technique  described 
previously  under  the  tungsteu-boron  system  gave  a  value  of 

D  -  5.92  x  103  exp  [-<16,900  +  6,100)/RT). 


The  data  Is  given  in  Table  14.  The  growth  of  the  TaB-  phase  was  used  for  deter¬ 
mining  the  diffusion  coefficient  over  the  teaperature range  of  1200  to  2000°C. 

As  previously  mentioned  the  validity  of  these  values  aa  diffusion  data  is  very 
questionable. 


b.  Tantalum-Carbon 

(8  9) 

Samaonov  and  Utyah*va,v  '  employing  the  analytical 
method  found  on  page  3,  found  that  the  diffusion  coefficient  may  be  represented 
by  the  equation: 


D  -  1.98  x  104  exp  [-<19,300  +  6,500)/RT). 
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Table  14 


Tantalum-Boron  Diffusion  Data  Using  the  Analytical 


Method  of  Samsonov  and  Latysheva!0 > 


Tamp. 

D 

Q 

»Do 

C  -  Co 

2° 

(°C) 

(C  -  C2) 

(cal/mole) 

(era*/ sec) 

(g/cm*) 

(cm  / sec) 

1200 

11.8206 

16,900  +  6100 

1280  i  240 

0.216 

5.92  x  103  exp  (~>-6-^) 

1300 

27.3438 

1400 

44.1540 

1500 

65.9340 

1600 

86.3874 

1800 

99.6530 

2000 

125.5320 

The  data  la  given  In  Table  15.  The  diffusion  coefficient  over  the  temperature 
range  of  1009  to  1800°C  was  evaluated  by  considering  the  grovth  of  the  Ta^C 
phase.  A  comparison  of  this  data  with  the  much  more  accurate  data  of  Powers  and 
Doyle  and  others  ehich  will  be  presented  further  on,  shows  that  the  activation 
energy  given  hy  Kef.  8  is  too  Mill  by  a  factor  of  two  and  tho  D0  va'.uu  it  too 
large  by  e  factor  of  10  .  This  serves  ss  a  measure  of  the  caution  '  t  one 
s.^uld  use  when  considering  the  application  of  the  dete  presented  in  tefa.  8,  9, 
end  84. 


Diffusion 


Table  15 


for  Tantalus 


Tamp.  D 
(°c)  (C  -  C2) 


(cw^/sec) 


+  6500  3300  ± 


1600  13.1450 

1800  20.9385 


(cm  /sec) 


.166  1.98  x  104  exp 


(43) 

In  1948,  Ke  applied  the  measurements  of  internal  friction  to  the  diffu¬ 
sion  of  carbon  in  tantalum.  A  torsion  pendulum  was  used  to  measure  the  damping 
in  tantalum  wire  specimens  which  had  been  heat  treated  in  a  carbon  containing 
atmosphere.  The  application  of  strer.n  causes  the  interstitial  solution  in  tan¬ 
talum  to  distribute  preferentially  in  the  lattice,  ’’’his  redistribution  of  atoms 
produces  a  damping  peak  in  the  curve  of  internal  friction  aa  a  function  of  tem¬ 
perature.  Ke(43)  and  later  Wert(44)  located  a  peak  at  140  to  150°C  which  they 
attributed  to  the  diffusion  of  carbon  in  tantalum.  (Actually,  the  peak  was  shown 
by  Powers  and  Doyle(45,46)  to  be  a  result  of  the  diffusion  of  small  amounts  of 
oxygen  rather  than  of  carbon.)  Ke  obtained  an  activation  enexgy  of  Q  «  25,000 
cal/oole,  and  Wert  found  that  thia  data  fitted  the  equation: 


D  -  0.015  exp  (— 27,000/RT) . 

(47) 

Powers  and  Doyle  found  the  internal  friction  peak  for  carbon  diffu¬ 
sion  in  tantalum  to  be  at  324.9,  337.7,  and  354, 9°C  for  frequencies  of  0.270, 
0.538,  and  1.330  cps,  respectively.  From  these  data,  the  activation  energy  was 
found  to  be  39,600  cal/mole. 

The  most  complete  information  on  diffusion  of  interstitial*  waa  recently 
published  by  Powers  and  Doyle. (48)  D*ta  w>8  obtained  by  both  internal  friction 
and  elastic  after-effects  measurements.  Tula  ia  summarised  in  Table  16. 


Table  16 

Tantalum-Carbon  Diffusion  Coefficients  aaPagerj^  .  .4 
by  Internal  Friction  Method»(48) 


Method  of  Measurement 

A 

(cm*/ sec) 

Q 

(cal/mnla) 

Internal  friction 

Ki.astic  after-effects 

Combined 

0.014*0.003 
0.0054  £  0.001 
0.0061  ±  0.0012 

39,500  +  200 
38,400  ±  200 
38,510  ±  260 

A  plot  irt  the  tog  of  the  relaxation  time  va  t/T°K  for  these  value*  1#  iliac- 
crated  in  Fig.  4.  this  data  la  of  except! cosily  good  quality,  and  the 
In  the  literature  of  tsure  of  this  caliber  work  la  soot  noticeable. 

A  theory  ties  been  presented  by  Ferro^9*  for  calculating  the  diffusion  of 
interstitials  into  body-centered  cubic  metal*.  A  theoretical  value  ia  evaluated 
by  using  the  elastic  constants  of  the  stub  octal  and  the  interstitial  atom 
diameter.  The  values  arrived  at  for  diffusion  of  carbon  In  tantalum  are; 
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Q  *  42,000  cal/mole, 


0.009  cm  /sec. 


These  compare  quite  favorably  with  the  values  obtained  by  Powers  and  Doyle. 


c.  Tanta lum-Hydrogen 

The  weight  gain  of  tantalum  heated  in  hydrogen  was  measured 
by  Gulbransen  and  Andrews (50/  as  a  function  of  time  and  temperature.  At  least 
twoodifferent  rate  laws  were  found  to  be  operating.  However,  between  700  and 
900  C  a  parabolic  rate  law  appeared  to  exist.  The  authors  felt  that  the  sensi¬ 
tivity  of  the  Hydride  reaction  to  surface  films  and  the  impuLii-Lt-'j  a-'id  / 
neities  in  the  metal  made  an  evaluation  of  a  diffusion  coefficient,  difficult. 

The  data  may  be  of  interest  for  reaction  rates,  but  no  diffusion  data  is  pre¬ 
sented. 

(49) 

Using  the  theory  of  Ferro,  Dq  and  Q  may  be  calculated  as: 

Q  “  6,800  cal/mole, 

2 

Dfl  «  0.0009  cm  / sec. 

In  the  absence  of  good  experimental  values,  these  may  serve  as  a»  order  of  magni¬ 
tude  answer. 

d.  Tantalum-Oxvaen 

Diffusion  of  oxygen  in  tantalum  has  been  measured  by 
different  techniques  over  three  different  temperature  ranges.  Internal  friction 
measurements  have  been  made  in  the  temperature  Interval  of  50  to  350°C,  weight 
gain  measurements  from  250  to  350°C,  and  microhardness  measurement*  on  concentra¬ 
tion  gradients  from  700  to  1400°C.  Agreement  la  quite  good  over  the  entire  tem¬ 
perature  range. 

(43) 

Re,  using  the  Internal  friction  method,  found  the  activation  energy 
to  be  29,000  cal/mole  In  the  temperature  range  of  152  to  170°C.  He  found  that 
the  relaxation  process  had  no  single  relaxation  time  as  in  the  other  diffusion 
processes  measured  by  this  method.  This  wan  Interpreted  by  the  author  to  mean 
that  the  atoms  ere  at  both  the  octahedral  and  tetrahedral  positions,  while  in 
the  other  cases  the  atoms  are  at  only  the  octahedral  sites. 

Since  Re's  value  of  Q  is  slightly  larger  than  that  obtained  by  the  other 
investigators,  he  ulght  have  had  a  large  amount  of  oxygen  or  some  amount  of  ni¬ 
trogen  in  his  sample.  A  large  oxygen  content  or  nitrogen  content  can  raise  the 
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observed  activation  energy  for  oxygen  diffusion  [Powers  and  Doyle^^].  This 
may  also  explain  why  Ke  observed  no  single  relaxation  time. 


(45  46) 

Powers  and  Doyle  ’  observed  that  the  internal  friction  in  tantalum 
arising  from  the  diffusion  of  interstitially  dissolved  oxygen  at  low  concentra¬ 
tions  could  be  described  with  a  single  relaxation  time,  but  at  higher  oxygen 
concentrations  the  experimentally  determined  internal  friction  curve  became 
broadened  and  skewed,  with  the  internal  friction  considerably  higher  on  the 
high  temperature  side  of  the  peak.  The  same  behavior  in  the  oxygen  peak  was 
produced  by  small  additions  of  nitrogen.  A  summary  of  their  data  is  given  in 
Table  17. 


Table  17 

Tantalum  Diffusion  Data  of  Powers  and  Doyle 


System 

Frequency  of 
Applied  Stress 
(epe) 

Reciprocal 
Peak  Temp. 
(l/T  x  103) 

Activation 

Energy 

(cal/mole) 

(lO^aec) 

1  '  ’ 

Comments 

0  in  Ta 
(low  cone. 

0.015  »t.  1) 

0.285 

0.612 

1.673 

2.494 

2.438 

2.358 

25,800 

D 

Q  ■  25,900  from 
peak  breadth 
measurement. 

0  In  Ta 
(high  cone. 

0.12  wt.  1) 

g 

2.431 

2.381 

2.305 

27,800 

0.1 

Q  «•  27,800  la  some 
«i»'"'eg a  of  that 
.  normal  Ta-0 
peak  and  the  0-0 
Interaction  peek. 

Low  0  cone. 

High  N  cone, 
(0.0225  wt.  X0 
0.08  wt.  X  N) 

— 

2.492 

2.408 

2.357 

26,100 

D 

"""I  "  1  "  '  UUUJI,‘ 

Norm  1  oxygen 

0,29? 

0.891 

1.722 

2.175 

2.191 

2.147 

27,300 

1.0 

r 

Oxygen-nitrogen 
interaction  peak. 

N  lit  Tn 
(low  cone. 

0.02  wt.  X) 

1  1  1  1 

n 

37,500 

0.8 

Q  •  37,000  from 
peak  breadth 
measurement . 

Thus,  wall  concentration  differences  and  small  amounts  of  a  third  elwsant 
sty  significantly  change  the  diffusion  coefficients  obtained  by  this  technique. 
Tills  say  ssrvs  as  part  of  the  reason  for  the  relatively  esall  disagreement  be¬ 
tween  the  diffusion  coefficients  obtained  by  the  different  investlgetore  using 
the  Internal  friction  method. 
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(51) 

Ang  used  both  the  torsion  pendulum  and  a  high  frequency  method  for 
his  internal  friction  measurements.  This  allowed  him  to  take  daca  over  a  large 
temperature  range,  155  to  355°C.  He  obtained  D0  **  0.0190  cn//sec  and  Q  ■  27,300 
cal/aole.  Marx,  Baker,  and  Silvertsen(52)  using  only  the  high  frequency  method 
reported  the  same  values  as  Ang, 

The  oust  recent  work  of  Powers  sr.d  Doyle,  listed  in  Table  18,  gave  dif 
fusion  coefficients  for  oxygen  diffusion  in  tantalum  obtained  by  internal  fric¬ 
tion,  elastic  after-effects,  and  peak  breadth  measurements  over  the  temperature 
range  of  50  to  150°C, 


Table  18 


Diffusion  Data  for  the  Tantalum-Oxygen  System  jg 
Determined  from  internal  Friction  Meaaureaentsi^ 


Method  of  Measurement 

(cm^?sac) 

Q 

(ca 1/mole) 

Internal  friction 

Eleatic  after-effects 

Combined 

Peak  breadth 

0.006  +  0.002 

0.0038  +  0.0007 

0.0044  ±  0.0008 

25,700  +  300 
25,400  ±  100 
25,430  + 
25,000  +  300  j 

The  log  of  the  relaxation  time  ve  1/T°K  for  thie  date  ie  eleo  plotted  lu 
Fig.  4. 

Ferro  obteined  theoretical  values  of  DQ  •  0.004  cm^/eac  end  Q  ■  29,000 
cel/mole  vhirh  ere  in  good  agreement  with  the  experimental  data. 

0  Tba  diffusion  of  oxygen  in  tantalum  in  the  temperature  range  of  700  to 
1400  C  wee  measured  by  Gebherdt,  Segheesi,  end  8tagherr(53)  by  loading  bend 
shaped  specimens  with  gee  at  one  end  end  then  allowing  diffusion  to  occur. 
Hicrohardneae  neeauremer.fi  were  used  lu  uwUimine  the  concentration  of  oxygen 
ae  a  function  of  dlatance  along  the  bend.  Their  data  fitted  the  equation; 


D  -  0.015  exp  (-26, 700/ai) . 


which  ie  in  superb  agreement  with  the  internal  friction  date  at  much  lower  tem¬ 
peratures.  These  results  are  plotted  in  Fig.  5. 

(50) 

Culbranssn  end  Andrew  measured  the  weight  gala  of  tantalum  heated  la 
oxygen  ae  a  function  of  time  end  temperature.  The  rate  lew  for  the  rate  cootrol 
ling  etup  wee  found  to  be  parabolic  (probably  diffusion).  Ower  the  temperature 
range  of  250  to  450°C  the  relationship  followed  wetn 
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D  =  8  x  10  5  exp  (-27,400/RT). 


Figure  6  shows  a  plot  of  log  D  vs  1/T°K.  for  this  data. 

The  diffusion  of  oxygen  in  tantalus  over  twelve  orders  of  magnitude  is 
seen  in  Fig.  7.  The  data  of  Gulbransen  and  Andrew(SO)  was  obtained  by  the  least 
reliable  technique  of  the  three  methods,  so  not  as  much  weight  has  been  applied 
to  this  data  in  drawing  the  curve  in  Fig.  7.  Such  good  agreement  over  a  wide 
range  of  temperatures  is  most  remarkable 

e.  Tantalum-Nitrogen 

(43) 

By  using  internal  friction  measurements,  Ke  found  that 
activation  energy,  Q  ■  44,000  cal/mole,  for  diffusion  of  nitrogen  in  tantal>  a. 
This  value  is  somewhat  larger  than  that  found  in  the  more  prerise  work  rowers 
and  Doyle. 

Powers  and  Doyle^^  obtained  a  value  of  Q  -  37,500  cal/mole  over  the  tem¬ 
perature  range  of  .20  to  350°C.  This  was  for  samples  containing  0.02  weight 
percent  nitrogen.  For  samples  containing  0.0225  weight  percent  oxygen  and 
0.08  weight  percent  nitrogen,  they  found  that  the  oxygen  peak  waa  moved  such 
that  Q  was  26,100  cal/mole  instead  of  25,800  cal/mole.  Also  a  peak  was  found 
with  an  activation  energy  of  Q  -  27,300  cal/mole,  due  to  the  oxygen-nitrogen  in¬ 
teractions.  This  data  is  summarised  in  Table  17. 

Ang,^51^  utilising  both  the  torsion  pendulum  and  high  frequency  methods 
for  Internal  friction  measurements,  found  that  D0  »  0.0123  cm^/aec  and  Q  ■ 

39,800  cal/mole  over  the  rather  large  temperature  range  of  360  662°C.  Good 

agreement  with  Ang's  work  it  given  by  the  data  of  Marx,  Baker ,  and  811vertsen(^' 
which  waa  obtained  with  the  high-frequency  method. 

The  moet  recent  work  of  Powers  and  Doyle, given  in  Table  19,  reported 
the  diffusion  coefficients  for  nitrogen  diffusing  in  tantalum  obtained  by  inter¬ 
nal  friction,  elastic  after-effects,  and  peak  breadth  measurements  over  th*  tem¬ 
perature  range  of  190  to  350°C . 


Table  19 

Tsntalura-Nllroxen  Diffusion  Coefficients 


Hethod  of  Measurement 

(cm^sec) 

Q 

(cal/mole) 

Interns!  friction 

Elastic  after-effects 

Combined 

Peek  breadth 

0.0042  £  0.0020 
0.0060  £  0.0010 
0.0056  £  0.0010 

37,500  £  500 
37,900  £  200 
37,840  £  200 
37,100  £  400 
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LOG  K  CM  /SEC  X  10 


fi Mi  6  -  Ion  t  ti  i/T  for  the  ruction  of 
Untolua  with  oxygon.  OO) 
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0  (cm  ?/ sec) 
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The  log  of  the  relaxation  time  vs  1/T°K  plot  for  this  data  is  given  in  Fig.  4. 

Ferro'-**^  calculated  a  theoretical  value  of  D0  and  Q  for  diffusion  of  ni¬ 
trogen  in  tantalum  using  the  elastic  constants  of  the  matrix  metal  and  the  in¬ 
terstitial  atom  diameter.  He  obtained  Q  *  35,000  cal/mole  and  D0  *  0.008 
cnr/sec.  These  results  are  in  quite  fine  agreement  with  the  better  experi¬ 
mental  values. 

/  CA\ 

Gulbransen  and  Andrew  '  measured  the  weight  gained  by  a  tantalum  strip 
heated  in  nitrogen  as  a  function  of  time  and  temperature.  The  activation  energy 
of  the  rate  limiting  step  (assumed  to  be  diffusion)  was  found  to  be  Q  e  39^400 
cal/mole.  Measurements  were  made  over  the  temperature  range  of  500  to  850  C. 

The  log  D  vs  1/T  curve  is  linear  from  600  to  850°C,  but  at  500°C  diffusion  may 
not  be  the  controlling  mechanism. 

3.  Substitutional  Diffusion 


Tantalum-Iron 


59 


into  tantalum,  was 
.<235  Fe59 


The  diffusion  of  the  iron  isotope  Fe 
measured  by  Vasiler,  Karmardin,  Skalskil,  Chernomorchenko,  and  Shuppe 
waa  added  by  electrolysis  of  FeCl3  onto  slabs  of  tantalum  150  do^  in  area  and 
0.4  mm  tjjick.  Data  from  the  four  temperatures  investigated  (1514,  1313,  1254, 
and  1203  a)  may  be  represented  by  the  equation: 


D  -  5.05  x  10"1  exp  (-71,400/RT) . 


The  authors  estimate  their  error  in  D  aa  being  301. 
b.  Tantalum-Silicon 

(34) 

Samsonov  and  Solonnlkova  applied  the  analytical  math:., 
described  under  tunga ten-boron  diffusion  (page  3)  to  the  rite  of  growth  of  the 
TaSl2  phase.  An  "activation  energy"  is  given  as  Q  ■  6,040  cal/mole.  This  value 
la  exceptionally  low  and,  aa  previously  stated,  the  value  of  this  data  is  ques¬ 
tionable. 


c.  Tantalum-niobium 

_i  c  2 

0  Preliminary  data  of  thla  author  glvec  D  •  5  x  10  cm  /sec 

at  1100  C.  Thla  value  was  obtained  by  diffusing  a  sandwich  couple  composed  of 
the  pure  metals  for  16  days  at  1100°C.  The  concentration  va  penetration  curve 
waa  measured  with  the  electron  probe.  Because  of  the  vary  steep  concentration 
gradient  obtained  under  these  conditions  of  time  and  tempareture,  the  data  is 
somewhat  questionable,  but  la  given  solely  due  to  the  lack  of  othar  data  in  this 
system. 

Tantalum  diffualon  data  la  suasarlted  in  Table  20. 
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c.  Diffusion  la  Molybdenum 


1 .  Self-diffusion 


The  self-diffusion  of  molybdenum  has  not  been  measured,  but  may 
be  estimated  from  high  temperature  creep  data  and  melting  point  relations. 

The  high  temperature  creep  date  of  Parke^6'  has  been  analyzed  by  Orr, 
Sherby,  and  Dorn.'5')  They  found  the  activation  energy  for  high  temperature 
creep  of  molybdenum  to  be  ^  H  -  120,000  ca 1/mole. 

From  the  plot  of  activation  energy  for  self-diffusion  vs  melting  point 
shown  in  Fig.  8,  Q  may  be  estimated  for  molybdenum  as  Q  ■  105,000  cal/mole. 
LeClaire  wo)  suggested  fcheemperical  formula,  Q  -  38  Tm>  where  Tm  is  the  melting 
point  in  °K.  This  agrees  quite  well  with  the  curve  in  Fig.  8.  From  this  rela¬ 
tion,  the  activation  energy  for  self  diffusion  in  molybdenum  Is  ' ven.  bv  0  ■ 
110,000  ca 1/mole.  ' 

(59} 

Nachtrieb  and  Handler v  '  stated  the  emperical  formula  Q  -  16.5  A  Hf 
where  A  Hf  is  the  heat  of  fusion.  Kelley(60)  estimated  A  Hf  -  6,660  from 
vapor  pressure  measurements  which  gives  Q  -  110,000  cal/mole  for  aelf  diffusion 
in  molybdenum. 

LeGlaira^190^  developed  a  rather  complete  theoretical  treatment  of  self- 
diffusion  from  which  he  calculated  the  equation 


D  -  16  exp  (-120,000/RT) 


for  the  self  diffusion  of  molybdsnum.  This  vslue  of  the  activation  energy 
agrees  well  with  the  activation  enargy  for  high  temperature  creep  and  with  the  .... 
estimates  from  the  empirical  foroulaaof  LeClaire(58)  «nd  Nachtriab  and  Handler159' 
stated  above. 


2.  Intacetl  til  Lll  flue  ion 

a.  Molybdenum-Boron 

The  diffusion  coefficient  of  boron  in  molybdenum  was  deter¬ 
mined  by  Samsonov  and  Utysheve(8,9)  (using  their  method  described  on  page  3) 
from  the  recorded  rates  of  growth  o£  the  Ko^B  phase.  Their  values  fit  the  equa¬ 
tion 


D  -  4.74  x  103  exp  H 14, 300  ±  5, 400) /IT) 
over  the  temperature  range  of  1100  to  1800°C.  The  date  la  shown  In  Table  21. 
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Activation  Energy  for  Self ~ Diffusion  ca!/male 


f-Uiuft  -  Activation  energy  for  *«lC-dtffu«loo  v«  mIc.Ua  point 
for  74tioua  cImmdCb. 

leferencm;  P(62>;  K(63);  *U(6J, 64,63);  LI {63, 69) j  In<67); 
Cd{68);  Yi(69);  2a<70, 71,77);  rb(?3,7*,7J) ;  N«(73.74); 
Al(75);  Cu<7S,76,77)}  A*(7«, 79,60, Bl> i  Au(82, 83,64) ; 
Co(B3,B6)i  Ki<87,88);  r#(69,90,tl,<»);.  *t(»3);  W»<94); 
Ya(40,41,42);  W(J) 


able  21 


Data  on  the  Diffusion  of  Soron  ta  Holybder.ue 


(8,9) 


Teap. 

(°C) 

D 

(C  -  C2) 

Q 

(cal/nole) 

c0 

(cnp/eec) 

D 

(cn2/cee) 

_ 

1100 

0.2910 

14,300  ±  5400 

1300  +  260 

1300 

6.0340 

1400 

7.2567 

1500 

9.69*0 

V  V  AA 

LKMJ 

10.7164 

1800 

18.6644 

. 

Saaacoov  lc  an  earlier  paper  gave  the  activation  energy  aa  Q  •  12,20C 
cal/aole.  The  dependability  of  the  data  of  these  investigators  has  previously 
been  discus  s-J  and  shown  to  be  questionable. 

b.  Holvbdeaua-Carboa 

/t  o\ 

Sanaooov  sad  Latysheva'  *  *  Measured  the  growth  of  the  Mo S. 
phase  over  the  temperature  range  of  1200  to  2000°C,  gy  applying  the  previously 
described  analysis,  they  obtained 

D  -  2.26  *  106  esp  l“< 33,400  ♦  10, 300) /IT]. 

The  data  is  tabulated  in  Table  22. 


Table  22 

Data  Obtained  by  Samaooov  sad  Latysheva  oo 
diffusion  of  Carbon  In 


Teep. 

mmm 

CBS 

Q 

(cal/mole) 

,»o 

(cmrf sec) 

c  -  c2 

(g/caP) 

2» 

(cs  /sec) 

1  i  i  §  i  I 

_ 

n; ,  ’ 

33,400  +  10,33) 

Xi,E0  +7400 

0.033 

2.2*  a  10*  cap  (--^^) 

i 

i 

i 

■  1 

- - - - - i 
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Molybdenum-Hydrogen 


By  heating  a  closed  end  evacuated  molybdenum  tube  in  hydro¬ 
gen,  Smithells  and  Ransley^l)  calculated  the  diffusion  of  hydrogen  in  molybdenum. 
The  amount  of  hydrogen  passing  through  the  tube  wall  was  measured  very  accu¬ 
rately.  Varying  the  pressure  from  1.68  mm  to  1?.6  mm  changed  the  diffusion  coef¬ 
ficient  from  2.3  x  10“5  to  23.9  x  10~5  at  1673°K;  however,  the  activation  energy 
stayed  constant.  The  units  of  D  are  the  volume  of  gas  in  cm^  at  N.P.T.  diffusing 
per  second  through  1  cm^  of  surface  and  1  mm  thickness.  Although  the  units  of  D 
are  somewhat  different,  the  activation  energy  (Q  ■  20,200  cai/mole)  should  be 
consistent  with  sure  conventional  measurements. 


More  recently,  Hill'1  ’  determined  the  rate  of  diffusivity  of  hydroger  in 
molybdenum  from  measurements  of  the  rate  of  gas  evolution  from  hydrogen  dopec 
specimens.  The  molybdenum  samples  were  heated  In  hydrogen  at  1  atmosphere  pres¬ 
sure  at  temperatures  from  1280  to  1700°C  and  then  quenched  In  water.  These  sam¬ 
ples  were  then  heated  in  vacuum  over  the  temperature  range  37b  to  980°C  uu-.i.ig 
which  the  amount  of  evolved  hydrogen  was  measured.  Their  data  may  be  described 
by  the  equation: 


D  -  0.059  exp  (-14,700/RT), 


Tbit  data  appears  to  be  more  reliable  aa  diffualon  data  than  that  of 
Ref.  61. 


Mo  lybdenum-Ni trap 


Smithells  and  Rausleyv  '  meaaured  the  diffue*  »  of  nitro¬ 
gen  in  molybdenum  uaing  the  techniquea  deacribed  under  molybdenum-hydrogen  dif» 
melon.  They  found  that  varying  the  nitrogen  pressure  gave  different  values  of 


D,  but  the  activation  energy  remained  constant.  Changing  the  pressure  from  4.6 
on  to  130  m  caused  D  to  vary  from  0.39  x  UT6  to  2.1  x  10~°  at  1?73°K.  Their 
data  for  f  ■  130  mm  la  given  in  Teble  23. 


date  for  JP 


Table  23 


temp. 

(°K) 

0  x  107 

Temp. 

<°K) 

1373 

0.78 

im 

1423 

1.08 

\m 

1473 

2.12 

1823 

1373 

6.10 

1873 

1673 

10.89 
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The  unite  of  D  era  the  volume  of  gas  in  cm  at  N.P.T.  diffusing  per  second 
through  1  cm^  of  surface  and  l  ran  thickness.  The  activation  energy  obtained 
from  this  data  is  Q  -  45,000  cal/mole. 

(95) 

Utilizing  the  data  of  Maringer  and  Muuhlenkampf ,  the  activation  en¬ 

ergy  for  diffusion  of  nitrogen  in  molybdenum  can  be  calculated  by  the  method  of 
Wert  and  Harx^^)  from  the  temperature  of  tne  internal  friction  peak.  This 
gives  Q  -  53,000  cal/mole,  a  somewhat  less  reliable  then  that  of  Smithells 

and  Rams  ley,  but  the  agreement  is  not  bad. 

Ferro's^^  calculations  for  the  diffusion  of  interstitial  into  body- 
centered  cubic  metals  using  the  elastic  constants  of  the  metal  of  the  matrix 
and  the  interstitial  atom  diameter,  gives  the  activation  energy  for  diffusion 
of  nitrogen  in  molybdenum  as  Q  -  55,000  cal/mole.  This  compares  favorably  with 
the  value  for  Maringer ’a( 95)  data  but  somewhat  less  favorably  with  the  data  of 
Smithells  et  al.(^' 


a.  Molybdenum  Cobalt 

(97) 

Byron  and  Lambert  prepared  diffusion  couples  composed 
of  concentric  cylinders  with  a  pure  cobalt  rod  in  the  middle  and  a  pure  molyb¬ 
denum  cylinder  bonded  around  it.  These  were  annealed  at  300,  1100,  and  1275  C 
and  the  diffusion  coefficient  determined  from  the  rate  of  growth  t»f  the  diffusion 
zone.  Samples  were  also  prepared  between  pure  molybdenum  and  -  3.421  Co  alloy. 
These  were  diffused  at  1500  and  17Q0°C.  The  diffusion  grttdiem.  was  ceteroined  by 
machining  off  layers  and  chemical  analysis.  By  applying  the  Hntano  analysis,  D 
was  shown  to  be  constant  between  0  and  3.41  Co  In  molybdenum.  Tha.-»  results  era 
given  in  Table  24. 

Table  24 


■r 

{tar/wc} 

10.7  x  10 

14.8  x  Hf5 
23. 1  x  Uf! 
4.18  *  10*1 
*.«  x  io"1 


i!i 

900 


These  values  may  be  expressed  as  the  relation: 


D  -  2.82  x  10  u  ex*  (~34,8Q0m). 


WADD  TR  50-793 


v*r> 


hi^:* 


<**■ 


!  t 


i 


The  data  in  general  is  rather  poor.  The  concentration  gradients,  when  de¬ 
termined,  had  insufficient  points  to  draw  a  curve  for  a  Matano  analysis,  and  the 
log  D  vs  1/T  plot  has  much  more  scatter  than  xu.amal. 

b.  Molybdenum-Iron 

(98) 

22  Neiman  and  Shinyaev  measured  the  diffusion  of  radio¬ 
active  iron  (Fe  )  into  iron-molybdenum  alloys  (24,  33,  40,  and  48  atomic  per¬ 
cent  molybdenum)  at  temperatures  of  1106,  1148,  and  1183°C.  Layers  were  removed 
by  electrolytic  polishing  from  the  samples  after  annealing,  and  the  radioactivity 
was  counted.  Log  D  vs  atomic  percent  molybdenum,  Q  vs  atomic  percent  molybdenum, 
log  Dc  vs  atomic  percent  molybdenum,  and  log  D0  vs  Q  are  plotted  in  Figs.  9,  10, 
11,  and  12  respectively.  They  showed  that 


In  D  ■  aQ  +  b 
o 


where  a  ■  0.32  x  10  ^  and  b  ■  22  for  the  systems  iron-molybdenum  and  iron-nickel.^^ 

The  existence  of  the  Fe,Mo„  phase  is  strongly  reflected  in  the  Q  end  D 
values. 

The  data  on  first  appearance  looks  very  good.  However,  except  for  the  40 
atomic  percent  molybdenum  point,  all  their  data  points  are  taken  in  a  two-phased 
region,  which  is  not  mentioned  in  the  article.  This  makes  the  data  of  little 
value,  since  all  they  are  showing  is  the  change  in  the  percent  oi  the  alpha  and 
epsilon  phases  in  their  samples  which  could  be  obtained  from  the  phvae  diagram. 

Grubc  and  Lieberwirth^1^  prepared  diffusion  couples  between  iron-molyb¬ 
denum  alloys  (6  -  12%  Mo)  and  pure  iron  for  diffusion  at  1200°o.  Slices  were 
machined  off  and  chemically  analyzed.  The  diffusion  coefficient  was  dstsrmined 
from  the  concentration  gradient  by  the  Gruhe  method.  No  composition  dependence 
1b  reported.  The  diffusion  coefficient  was  reported  aa 

D  «  2.3  -  3  x  10~*  cm2/ sac  at  1200°C. 


Ham  carried  out  diffusion  measurements  on  ssmplss  of  pure  iron  bonded 
to  iron-molybdenum  alloys  of  0  -  6%  Mo.  The  samples  ware  diffused  at  tempera¬ 
tures  of  931  to  1265°C,  sectioned,  and  chemically  analyzed.  The  data  is  given 
in  Table  25.  The  log  D  va  1/T  plot  can  be  aean  in  Fig.  13.  In  general,  the 
data  Is  quite  good,  but  there  were  only  two  temperature*  used  In  tha  molybdenum- 
alpha  iron  investigation. 

The  vollowiug  relationships  were  found  to  hold: 
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ClH*/*4*' 


Ht.  9  -  The  dlffuelon  coefficient  aa  «  function  of  tfea 
atonic  percent  noiybdaoun  at  temperature** 

1  -  U0fi°C,  2  -  1UTC,  end  3  -  UBSeC.<*« 
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K  Ca/./Mci* 


Fe3Mo2 


Flft.  10  •  Activation  energy  vs  atomic  percent 
molybdenum  for  the  iron-mo lybdeoum 
ey.t«m.<W> 
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UlxJl 


log  D0  »«  tht  activation  ancrgy  Cor 
o  «  F*«Ko,(W)  A  ■  F«-MlC-diCfuaioa 
«d  •  -  r«-*l.(99) 


a 
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Mo-Fe, 


Mo-Fe, 


Molvbdi 


D  =  0.068  exp  (-53,000/RT) 


with  0.4  wt.  %  C 
V 

D  -  0.091  exp  (— 59,000/RT) 


2 

D  -  3.467  exp  (-57,700/RT) . 


Table  25 


unum-T  rnn 


Diffusion  at  Lo"  Melybder.ua  Concert,’-.:. 


•>  ti  on 


(10 


Initial 
Concentration 
(at.  X  No) 

wt.  X 
Carbon 

Temp. 

(°F) 

Phase 

D  x  1010 
(cm^/ aec) 

C 

0.532 

<0.005 

<0.03 

2305 

Y 

3.12 

0.540 

<0.005 

<0.03 

2204 

Y 

1.42 

0.550 

<0.005 

<0.03 

2104 

Y 

0.613 

0.540 

0.145 

0.38 

2305 

Y 

3.62 

0.520 

0.145 

0.44 

2204 

Y 

1.68 

0.530 

0.145 

0.47 

2104 

Y 

0.73 

1.470 

0.000 

0.25 

2301 

Y 

4. 11 

3.607 

1.926 

<0.03 

1708 

a 

1.23 

0.585 

0.004 

<0.03 

2300 

Y 

2.40 

1.475 

<U.005 

0.35 

1708 

Y 

0.0189 

1.029 

1.958 

<0.03 

2301 

a 

216.0 

D(Gm*/Sea) 


Ft*.  13  -  If  fact  of  tauparatwr*  ou  tbc  coefficient 
of  diffusion  of  Molvbdcauoi  in  au*C*nlt« 
*nd  in  farrlta.UOi) 
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Molybdenum-Niobium 


Birks  and  Seebold*'^^ 
niobium-pure  molybdenum  at  1100  C  for  46  hours. 


ran  a  diffusion  couple  of  pure 

The  penetration  curve  was  meas¬ 
ured  with  the  electron  probe  microanalyzer.  The  concentration  gradient  extended 
over  a  distance  of  6  microns  which  is  considerably  too  small  to  get  sufficient 
data  to  analyze  by  the  Matano  method.  However,  the  diffusion  coefficient,  as  a 
function  of  composition,  was  determined  by  the.  Matano  method.  These  values  are 
shown  in  Fig.  14.  A  re-evaluation  of  this  data  demonstrates  that  the  D  values 
given  are  a  factor  of  10'  too  small.  This  correction  has  been  made  in  Fig.  14. 

D  varies  between  3  to  7  x  10~^  at  1100°C  over  the  composition  range  of  0  to  1007. 
molybdenum. 


d.  Molybdenum-Nickel 

Budde*'**^  measured  the  diffusion  between  pure  nickel  and 
nickel-molybdenum  alloys  up  to  20.8  atomic  percent  molybdenum.  His  data  is 
listed  in  Table  26 


Table  26 

Data  for  Nickel-Molybdenum  Diffusion^ 


Temp. 

(°c> 

2» 

(cm  /sec) 

1120 

1290 

1.43  x  10~10 
1.03  x  10”9 

and  may  be  represented  by  the  equation: 


D  -  0.0134  exp  (-50,800/RT) . 


Since  this  investigation  was  carried  out  at  only  two  temperatures,  the  D  and  Q 
values  are  quite  uncertain.  ° 

(1041 

Swalln,  Martin,  and  Olsen  carried  out  diffusion  between  pure  nickel 
and  N1  -  0.93  at.  X  Mo  alloy  at  temperatures  ranging  from  1150  to  1400°C.  The 
eeaples  were  sectioned  and  chemically  analysed.  A  plot  of  log  D  va  1/T  for  thi# 
data  is  shown  in  Fig.  15.  The  diffusion- temperature  relation  for  thia  system 
may  be  given  by 


D  -  3.0  exp  (-68,900  +  1,000)/RTJ. 


Good  precision  has  beeu  obtained  by  careful  experimentation. 
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e ,  Molybdenum-Titanium 

Shewroon  and  Bechtold^^3^  measured  the  magnitude  of  the 
Kirkendall  effect  in  molybdenum-titanium  diffusion  couples.  Couples  were  pre¬ 
pared  with  the  pure  metals  and  ThC>2  was  included  as  the  markers.  No  diffusion 
coefficients  were  measured.  Their  data  is  tabulated  in  Tabic  27. 


Table  27 

Kirkendall  Marker  Movements  in  Molybdenum- 
Titanium  Diffusion  Couples(lQj) 


Temp. 

(0) 

— 

Time 

(min) 

-  X 

(in.) 

1470 

4135 

10.7  x  10~3 

-3 

1605 

380 

8.9  x  10  J 

1640 

120 

6.8  x  10™3 
-3 

1400 

3228 

4.9  x  10  J 

If  the  markers  are  assumed  to  be  at  the  came  concentration  for  each  sample ,  and 

. _  j 

since  x  "2y  / Dt  for  any  composition!  then  a  plot  of  log  —  va  snould  give 

the  activation  energy.  This  treatment  yields  e  very  good  straight  line  with  Q  * 
101,500  cal/mole,  a  value  which  should  apply  for  a  composition  somewhat  greater 
than  50%  titanium  since  the  markers  moved  Into  the  titanium.  Such  a  value  la 
not  unrealistic  but  may  be  somewhat  large. 

Diffusion  has  been  carried  out  by  Goold^^  between  pure  titanium  and  a 
XI  -  8.1  at.  %  <15  wt.  V)  Mu  alloy  at  938  to  1248UC .  Samples  were  sectioned  and 
chemically  analysed.  The  diffusion  coefficient  was  determined  at  •  function  of 
concentration  by  m-tans  of  chr  Matano  analysis.  ThO-  markers  were  included  1" 
some  samples  In  order  to  determine  the  Intrinsic  diffusion  coefficients.  D  at  a 
function  of  atomic  percent  molybdenum  Is  shown  in  Fig.  16.  For  1  at.  %  Ha,  D 
may  be  given  by  the  formula 


D  -  1.0  x  10“S  exp  {-(24,000  +  3,400)/RT]. 


At  1250°C,  the  intrinsic  diffusion  coefficients  for  96  st.  £  Ti  are: 

^Ti  “  6.72  x  «T*  cm2/scc 
0^ft  “  3.95  x  Uf9  c»2/s«c 
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Although  the  data  was  taken  with  great  care,  the  activation  energy  is 
quite  small  compared  to  other  diffusion  data  with  molybdenum  or  titanium.  A 
full  description  of  other  titanium  data  is  given  later  in  this  report. 

f .  Molybdenum-Thorium 

Nelting^9^  using  the  thermionic  emission  method,  obtained 
the  values  for  diffusion  of  molybdenum  in  thorium  listed  in  Table  28. 


Table  28 

Diffusion  Coefficients  for  Diffusion  of  Molybdenum  in  Thorium^9^ 


r1 - 

0 

(car/sec) 

Temp. 

<°C) 

3.6  x  10"10 

1615 

2.3  x  lo"9 

1700 

1  x  10“* 

2000 

If  log  D  vs  1/T  is  plotted  for  this  data,  one  finds  that  Q  »  176,000  cal/tnle. 
This  Is  exceptionally  large  which  leada  one  to  doubt  this  data. 


g.  Molybdenum-Silicon 

oaasoaov  and  Solonnikovs  '  applied  tht  analysis  described 
under  tungsten-boron  dlfftsion  (page  3)  to  the  rate  of  growth  of  the  MoSij  phase. 

An  sctlvstlon  energy  was  given  as  Q  »  9,470  cai/wole.  The  doubtful  validity  ♦h.* 
work  of  Chose  authors  has  bean  discussed  earlier  in  this  paper. 


A  very  complete  investigation  of  the  diffusion  fO.tfef 
molybdenum-uranium  system  has  been  carried  out  by  Adda  and  Philibert,'108'  Pres¬ 
sure  bonded  diffusion  couples  were  prepared  between  pure  uranium  and  an  alloy  of 
U  -  30  ft.  ‘i  Mo.  Diffusion  anneal*  were  carried  out  between  850  and  1050°G,  and 
he  concentration  gradients  were  datermined  with  the  electron  microbcaa  probe. 

Hie  diffusion  coefficients  and  the  sctlvstlon  energies  were  determined  se  a  func¬ 
tion  of  the  concentration.  This  data  la  given  In  Table  29  and  may  be  seen  in 
figs.  17  and  13. 

Intrinsic  diffusion  coefficients  ware  also  measured.  This  dsts  is  sum¬ 
marised  In  Teble  30  and  la  shown  graphically  in  Pig.  19.  The  cere  with  which 
these  experiments  were  performed  le  reflected  in  the  high  quality  of  the  data. 

A  etemtsry  of  dlffueloa  in  molybdenum  is  given  in  Table  31. 
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OL. 

7.5 


I04/T°K 


9.0 


Fit.  19  -  Tamparatura  dtpandanca  of  Intrinsic  diffusion 
coafficienta  fox  uranium-molybdenum  system.'103 
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(Cant'd.  on  next  page) 


(Coat'd,  ea  next  page) 


D .  Diffusion  In  Niobium 


1.  Self-diffusion 

(94)  95 

Re&nick  and  Castleman  vapor -plated  Nb  '  onto  niobium  sheet 

by  hydrogen  reduction  of  NbCl5.  The  specimens  were  annealed  in  pairs  with  the 
active  surfaces  facing  each  other  in  the  temperature  range  of  1585  to  2120°C. 

A  log  D  vs  1/T  plot  of  this  data  i6  shown  in  Fig.  20.  Although  there  is  a  fair 
amount  of  scatter  in  this  data,  a  sufficient  number  of  data  polntB  have  been 
taken  to  give  a  good  average  value.  The  data  fits  the  equation: 


D  -  12.4  ±  0.8  exp  [-(105,000  +  3,000)/RT]. 


This  activation  energy  is  in  excellent  agreement  with  the  values  predicted  from 
the  melting  point(58;  and  from  the  heat  of  fuaio.n(59)  Qf  niobium. 


2.  Interstitial  Diffusion 
a.  Niobium-Boron 

(0  o\ 

Samsonov  and  Latyahava’e'  *  technique  (page  3)  wee  used 
by  them  to  determine  the  "diffusion  coefficient"  of  boron  in  niobium  from  the 
meeeured  retee  of  growth  of  the  Nb&g  phase.  The  reletlonehlp  found  wee: 

D  »  4.74  x  103  exp  [-(14,300  ±  3,4C0)/M] 


over  the  temperature  range  of  1400  to  2000°C.  The  date  le  given  in  Table  32. 
The  validity  of  the  data  of  these  investigators  has  previously  been  discussed 
and  shown  to  be  questionable. 


Table  32 


Niobium-Boron  Diffusion  Pete  Using  the  Analytical 
Method  of  Sameonoy  and  tatyahsva^i?) 


roT 

m 

M 

(cal/twle) 

D 

(o»2/mC) 

C  -  C? 
<g/o»*) 

(cmz/aec) 

1400 

1600 

1300 

23CO 

5.4550 

9.5490 

12.1980 

14.0580 

14,130  ±  4900 

1420  +  280 

H 

5.62  x  103  exp  (ZiSaM) 
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it  M  41  4J  9.0  U 

1/T°K  x  10* 


?la»  20  -  log  D  v»  1/T  for  ■•K-dlffuaioa 
of  aiofc>iuii.(94) 
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b.  N lobium-Carbori 


Samsonov  and  Latysheva 
phase  over  the  temperature  range  cf  1000  to 
sis,  they  obtained: 


(8,9) 


measured  the  growth  of  the  Nb2C 


2000  C  and  by  applying  their  analy- 


D  -  3.14  x  10  exp  [-(18,900  +  5,700)/RT), 


The  data  is  shown  in  Table  33. 


Table  33 


Data  on  the  Diffusion  of  Carbon  in  Niobium 


(M/ 


Temp. 

(°C) 

D 

(C  -  C2) 

Q 

(cal/mole) 

D0 

(rm^/aec) 

C  ••  Cj 
(g/cm*) 

2D 

(cna  /sec) 

1000 

1300 

1400 

1500 

1600 

1800 

1900 

2000 

0 

4.8950 

6.7650 

9.5590 

13.2000 

16.7200 

19.6900 

21.9450 

18,900  1  5700 

2120  i  400 

0.067 

...  ...4  ,-18.900. 

3.14x10  exp 

(44) 

Wert  measuring  internal  friction  with  the  torsion  pcuduluu,  found  that 
diffusion  of  carbon  la  niobium  fitted  the  equation: 


D  •  0.015  exp  (-27,0C0/*T). 


Title  activation  energy  le  somewhat  lower  then  the  more  accurate  date  of  Powers 
end  Doyle'46)  and  may  be  due  to  oxygen  contamination  of  the  sample.  Oxygen  dif¬ 
fusion  feat  an  activation  energy  around  27,000  cal /mole. 

Internal  friction  measurements  with  the  torsion  pendulum  were  carried  out 
by  Powers  and  Doyle'  on  niobium  samples  containing  carbon.  The  carbon  con¬ 
tent  was  0.013  wt .  X  G.  Measurements  were  made  at  237.5,  238.3,  259.3,  and  261. 6°C 
at  applied  frequencies  of  0.155,  0.165,  0.568,  and  0.710  cycles  pot  second  respec¬ 
tively.  Their  data  may  be  represented  by: 
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D  =  0  0046  exp  [-(33,300  4  O0())/RT].. 


The  error  in  Q  is  slightly  larger  than  usually  found  in  internal  friction  work, 
but  thi6  is  due  to  the  rapid  aging  of  the  carbon  peak. 

/  /  o\ 

The  most  recent  work  of  Powers  and  Doyle,  given  in  Table  34,  reported 
the  diffusion  coefficients  of  carbon  in  niobium  obtained  by  internal  friction 
and  elastic  after  effect  measurements  over  the  temperature  range  of  140  to  261  C. 


Table  34 

Diffusion  Coefficients  for  the  Diffusion  of 
Carbon  in  Niobium  as  Determined 
by  Internal  friction  Measurement 


Me '.hod  of  Measurement 

. .  »- 

A 

icnr/sec) 

Q 

(cal /mole) 

Internal  friction 

Elastic  After-effect a 

Combined 

0.0050  4  0.0050 

C.0033  +  0.0005 

0-004C  +  0.Q0C7 

33,200  4  900 
33,000  +  100 
33,020  ±  180 

The  log  of  the  relaxation  time  «s  )/T°K  for  this  data  Is  p !»■  •  * -‘d  in  Fig.  4, 
A  comparison  of  this  superb  data  with  that  of  Samsonov  and  Latysheva  once  again 
shows  the  doubtful  validity  of  the  work  presented  in  Refs.  8,  9,  and  34. 

c .  Nioblgtn-Hydtnaen 

f  ’HI) 

Gulb-anaen  j..J  Andrew  '  measured  the  weight  gain  of  niv • 
blum  heated  in  hydrogen  as  a  function  of  t tme  and  temperature.  The  reaction  was 
observed  to  start  at  250°C  a*d  ’he  ta‘e  increased  as  ‘he  Mme^progreaaed.  At 
300  C,  the  curve  of  weight  gained  vs  time  was  linear.  A*.  350  C,  the  rale  de¬ 
creased  as  th#  lime  progressed.  Above  ibl°C,  ‘.he  sample  lost  weight  as  the  low 
temperature  hydride  decomposed.  Between  700  anti  900UC,  the  rate  followed  e  para¬ 
bolic  law  and  probably  waa  diffusion  controlled  In  this  temperature  range.  No 
diffusion  coefficient  was  gt.cn  due  o  the  differed.,  reaction  rates  at  the  dif¬ 
ferent  temperatures. 

Albracht,  Goode,  and  Malleit^*^  evaluated  the  absorption  of  hydrogan  by 
niobium.  This  waa  stated  io  be  diffusion  controlled  (obeyed  a  parabolic  ret* 
law)  between  600  and  700°C,  and  therefore  date  was  taken  at  600,  650,  and  700  C. 
The  relationship  obtained  was 


D  -  0.0214  exp  l -(9, 1*0  ♦  600) /RT) . 
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The  data  appears  to  be  very  good,  but  tn  view  tu  the  results  cf  Cuibransen 
and  Andrew,  caxition  should  be  used  in  applying  the  data  outside  the  600  to  70Q°C 
temperature  range. 

Applying  the  theory  of  Ferro  to  the  diffusion  of  hydrogen  in  niobium, 
.the  following  theoretical  diffusion  coefficient  can  he  calculated: 


D  -  0.0004  exp  (-18,000/RT) . 


The  success  of  this  theoretical  treatment  in  other  systems  ha3  been  exceptional, 
but  the  agreement  in  systems  with  niobium  will  be  seen  to  be  less  than  satis¬ 
factory. 


d.  Niobium-Nitrogen 

Powers  and  Doyle^^^  carried  out  internal  friction  measure 
menta  with  the  torsion  pendulum  on  niobium  samples  containing  0.0184  and  0.0215 
weight  percent  nitrogen.  These  two  nitrogen  contents  gave  the  same  diffusion  co 
efficients.  Measurements  were  made  at  267.3,  274.4,  285.5,  and  295.3  C  at  ap¬ 
plied  frequencies  of  0.349,  0.542,  1.005,  and  1.728  cycles  per  second  respec¬ 
tively.  Their  data  fitted  the  equation 


D  -  0.0072  exp  {-<34,300  £  200)/RT], 


Thu  diffusion  coefficients  of  nitrogen  in  niobium  obtained  by  >  eternal  friction, 
elastic  at.,,  effects,  and  peak  breadth  measurements  over  the  t-  rature  range 
of  150  to  295°C,  reported  in  Power*  and  0oyle'»<^)  moat  recent  work,  are  shown 
in  Table  35. 


Table  35 


Nlpbluw-Nltrtifaen  Diffusion  Data  of  Powers  and  Doyle 


<48) 


Method  of  Measurement 

(cm^aec) 

Q 

(cal/mole) 

Internal  Friction 

Elastic  After-effect* 

Combined 

Peak  Breadth 

0.0081  ±  0.0020 
0.0087  ±  0.0008 

0.0086  +  0.0007 

34,800  +  200 
35,000  £  100 
34,920  +  90 
34,500  +  100 
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The  log  of  the  relaxation  time  vr  1/T°K  plot  for  thie  data  is  irioicated  in 
fig.  4. 

(52) 

Marx,  Baker,  and  Sivertsen  extended  the  temperature  range  of  internal 
friction  measurements  by  employing  a  high  frequency  method.  By  using  both  the 
torsion  pendulum  and  the  high  frequency  method,  measurements  were  made  over  the 
temperature  range  of  285  to  583°C.  They  reported  an  activation  energy  of  Q  - 
35,700  cal/mole  from  this  data.  This  is  in  fine  agreement  with  the  above  men¬ 
tioned  work  of  Powers  and  Doyle. 

Ang^^  made  internal  friction  measurements  with  the  torsion  pendulum 
over  the  temperature  range  of  285  to  310°C  and  the  values  are  related  by: 


D  «-  0.09b0  exp  1  -IttjbOO/RT). 


The  weight  gain  of  a  niobium  sample  heated  in  nitrogen  as  a  function  of  time 
and  temperature  was  determined  by  Gulbransen  and  Andrew. (50)  The  r<te  limiting 
process  was  assumed  to  be  diffusion,  duo  to  the  parabolic  relationship  between 
weight  gained  and  time  over  the  temperature  range  investigated  (400  to  80G°C). 

A  value  of  Q  ■  25,400  cal/mcJc  was  reported. 

Albrecht  and  Goode^^  measured  the  absorption  of  nitrogen  by  niobium. 
Their  data  was  found  to  fit  the  equation: 


D  ->  0.061  uxp  (-J«,8G0/RT). 

The  data  of  Powers  and  Doyle^'*^  and  of  Narx,  Baker,  and  Slvertaen^^  rep¬ 
resent  the  best  diffusion  data  for  thla  system.  The  weight  gained  and  the  ab¬ 
sorption  data  are  probably  quite  reliable  but  are  not  clear  a*  to  Lhe  mechanism 
or  Mechanisms  responsible  for  the  observed  data. 

(49) 

Perm's  calculations  for  the  theoretical  values  of  D  and  Q  for  diffusion 
of  nitrogen  in  niobium  gives 


Q  •  20,000  cal/mole 

D  »  0.02  ca2/sec. 
o 


e.  hiobiuft-Ogygen 

Diffusion  of  oxygen  in  niobium  has  been  measured  by  Inter¬ 
im!  friction  methods,  weight  gain  methods,  and  mlcrohardncas  traverses  covering 
the  temperature  r.ine.e  of  40  to  1000  C.  T.w*  agreesse  nt  between  all  the  Investiga¬ 
tors  is  very  good  with  the  possible  exception  0*  the  weight  gain  <o»termi  nation*. 
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The  recent  work  ni  Powers  at.d  Doyle'  """  on  diffusion  of  oxygen  in  niobium 
is  very  good.  They  obtained  diffusion  coefficients  by  internal  friction,  elas¬ 
tic  after-effects  and  peak  breadth  measurements  over  the  temperature  range  of 
40  to  i50°C  which  are  given  in  Table  36. 


Table  36 


Method  of  Measurement 

(cin^?sec) 

Q 

(cal/tTKile) 

Internal  friction 

0.014  +  0.004 

26,600  +  200 

Elastic  after-efCacta 

0.026  ±  0.009 

27,OCO  +  300 

Combined 

0.0212  ♦  0.0073 

26,910  +  250 

Peatt  breadth 

26,700  ±  200 

The  log  ot  the  relaxation  tlsse  va  1/T°S  for  thl*  data  la  plotted  in  Pig.  4. 

(511 

Internal  friction  work  by  Ang  obtained  with  the  tore ion  pendulum  over 
the  temperature  range  of  143  to  168PC,  fitted  the  following  equation  of  oxygen 
diffusion  in  niobium. 


0  -  0.0147  exp  <“27,600/»>. 


Marx,  Baker,  an«  Sl.vertaen'  u*ds  intern*!  friction  sstaaureaaota  over 
the  temperature  of  i#g  ro  3’7°C.  this  vae  dune  by  using  both  the  ter* ion 

pendulum  end  the  high  frequency  eethyu*.  They  reported  an  activation  energy 
of  26,000  cai/e»l*». 

(JulbicMsen  tad  Andrew*  s'1  ^  neeaurewenta  ware  eswceraad  with  the  weight 
gain  of  a  niobium  aaapie  heated  in  oxygen  it  a  function  of  time  and  •'emperature. 
Proa  thi*  data,  diffuaion  coefficient*  .were  <s& leulatsd  for  the  temperature  range 
of  20G  to  375°C  wad  the  10 i  lowing  r«l«tioa»hSp  v«e 


0  -  2  x  ID5  exp 


Coug>»riton  of  this  data  with  the  oerft  reliable:  internal  friction.  «eaaurfneote 
showed 'that  this  value  of  <j>  is  4  little  ana  11  and  Oq  ie  too  eateU  by  10^. 

The  concentration  gradient  of  sutyjyen  diffused  ihtn  niobium  va*  calculated 
by  Jsffee,  Sflepp,  and  Si«*^'7^  -*r$«  aicrohardoe**  aeenure*Mnte  by  aaaunlog  the 
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hardness  t.o  be  Une&r  with  the  f"ity5‘*n  concentration,  Measurements  were  made  at 
600,  000,  and  1000  C.  The  average  diffusion  coefficients  at  each  of  these  tem¬ 
peratures  is  listed  in  Table  37. 


The  data  taay  be  expressed  as 

D  *  0,00407  exp  (-24,900/RT), 
A  plot  of  the  le$  B  v#  1/T°S  values  la  shown  in  Fig,  21. 


Grshlaai**  ^  deposited  a  radio- isotope  of  titanium  onto 
titanium-niobium  »*loys  of  varying  composition,  The  titanium  iaotope  used  h*‘* 
a  half-Hfe  of  several  seconds  *o  the  diffusion  of  its  decay  product,  Sc**6  (d5 
day  half-life),  was  actually  being  seeaured,  Flat  samples  of  ths  alloy,  15  wa 
in  diaax-te?  and  2  m  thick,  were  prepared  by  sintering.  The  radioactive  titan* 
iu,w  powder  wav  preated  between  two  alicea  si  the  aietered  alloy  and  dlffuacd  as 
1000  and  1200  0,  The  radioactivity  was  saeaaured  at  the  end  of  the  sample  *e  a  , 
function  af  tine,  Ths  data  lu  Table  3S  «m*  obtained  from  these  aoeeuretseat*. 

Tiie  activation  energy  and  the  diffualon  coefficient  as  a  funstl-in  of  com¬ 
petition  are  shown  in  Ftga.  22  end  23,  Two  peak*  ere  observed  l«  the  activation 
energy  plot  which  correspond  to  the  competition  TljNb  and  'fijhbj,  These  proba¬ 
bly  ate  region*  ef  abort  triage  order  a#  those  phase*  are  not  in  the  publiatad 
phase  diagram,  l*1**) 

Cotraitticaa  wet*  mad*  in  this  data  Cor  tho  porosity  of  the  sintered  mate¬ 
rial,  but  some  doubt  exist*  a*  to  whether  the  corteitloos  were  adequate.  The 
reported  0  values  are  rattier  large  for  diffusion  'b..twtu»  elements  of  relatively 
hl^i  melting  points  end  two  tamperatarta  are  turdly  adequate  for  ielurmlniny.  <), 
Thw  data  should  defioi tarty  eottsi  dreed  questionable. 


0  10  20  00  40  00  SO  70  00  so  wo 
Ti  £m  %  ’it 


fla.  22  -  Variation  of  the  diffusion  coefficient  of 
with  composition  for  the  niobium- 
titanium  system. 


Am.  % 


Fla.  313  -  Variation  of  the  activation  energy  for  diffusion 
of  with  composition  for  the  niobium- titanium 
sysU..<U3)  ^ 
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Table  38 


Diffusion  of  Sc46  Into  Various  Titanium-Niobium  Alloys^ ^ ^ 


i — 

At. 

U 

D  x  107 
(cm^/ sec) 

Q 

(cal/mole) 

Ti 

Nb 

1000°C 

1200°C 

100 

1.125 

3.05 

13,010 

10 

90 

0.731 

8.80 

12,160 

20 

80 

0,381 

5.11 

19,900 

30 

70 

0.521 

3.77 

22,990 

40 

60 

0.795 

2.92 

32,790 

50 

50 

1.250 

2.32 

11,470 

60 

40 

0,481 

1.67 

13,500 

70 

30 

1.045 

1.94 

31,500 

80 

20 

1.710 

2.00 

30,150 

90 

10 

4.506 

11.74 

15,770 

100 

1.525 

4.,? 

25,290 

b.  K lob ium-Chromium ,  Niobium-Iron.  and  Niobium- '»ickcl 

Diffusion  anneals  were  carried  out  by  Dirks  and  Seebold^^ 
between  diffusion  couples  of  the  pure  elements,  Nb-Cr,  Nb-Fe,  and  Rb-Ni.  No 
diffusion  coefficients  were  obtained.  Concentration  gradients  were  measured  on 
the  samples  with  the  electron  microbeam  probe.  The  data  is  very  incomplete  and 
of  doubtful  value,  but  is  given  below  for  the  sake  of  completeness. 

Table  39 

Phases  Found  in  Niobium-Chromium.  Niobium-Iron  and 
Niobium-Nickel  Diffusion  Couples 


Diffusion 

System 

Temp. 

(°C) 

Time  at 
Temp. 
<hr) 

Width  of 
Diffusion 

Zone  (microns) 

Phases  Appearing 
in  Diffusion  Zone 

Nb-Cr 

1100 

71 

167 

10 

Nb-Fe 

25 

NbPe2 

Nb-Ni 

1075 

1100 

_ 

25 

Melting  occurred 

NbjNi,  NbNi,  NbNl3 
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t  r _ _ _  vi  iuuc  au«  temperature.  An  activation  energy 

for  this  process  is  given  as  Q  =  11,720  cal/mole.  The  doubtful  validity  of 
this  value  as  the  activation  energy  for  diffusion  has  been  demonstrated  earlier 
in  this  paper. 

d.  Niobium-Uranium 

Diffusion  anneals  were  carried  out  by  Peterson  and  Ogilvie^^ 
on  samples  composed  of  the  pure  elements  at  temperatures  of  300,  892,  and  996°C 
and  at  times  of  4  to  4?  days.  The  concentration  gradients  were  determined  with 
the  electron  microbeam  probe.  In  order  to  determine  the  diffusion  coefficient 
in  the  composition  range  of  0  to  10  at.  X  Nb  the  Matano  analysis  was  applied.  A 
previously  unreported  phase  wac  observed  in  the  diffusion  coupie.i,  which  may  be 
an  unstable  phase.  The  data  was  found  to  fit  the  following  equations: 

for  99.5  at.  XU 

D  »  3.4  x  10"6  exp  (-25,800/RT) 

for  9b  at.  X  U 

D  -  9.6  x  10~7  exp  (-23,400/RT) 

for  90  at.  X  U 

D  -  2.4  x  10~7  exp  (-21,800/RT) . 


Intrinsic  diffusion  coefficients  were  determined  for  99.5  at.  X  U,  which 
may  be  represented  by  the  following  equations: 

Dy  “  2  x  l<f*  exp  (-23,200/RT) 

Djjy  -  3.1  x  lO-6  exp  (-25,800/RT). 

This  data  is  plotted  as  a  function  of  1/T  in  Figs.  24  and  25.  Uranium  is  seen 
to  diffuse  150  times  faster  than  the  niobium  at  99.5  at.  X  U. 

A  summary  of  diffusion  in  niobium  is  given  in  Table  40. 
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A.  Dlffuaion  in  Platinum 


1.  Self-diffusion 

(93) 

Kidson  and  Ross  evaporated  radioactive  platinus  onto  the 
surface  of  one  centimeter  diameter  rods,  0.5  to  0.25  cm  thick.  Two  auch  pieces 
were  then  welded  together  with  their  active  surfaces  in  contact.  The  samples 
were  diffused  in  the  temperature  range  1325  to  1600°C.  The  samples  were  sec¬ 
tioned  and  a.c  activity  of  the  sections  was  counted.  The  data  is  shown  below. 


Table  41 


Diffusion  Data  for  the  Self-diffusion 
of  PlatinumEW 


Tamp. 

(°C) 

(»—’ *sac> 

1375 

10 

3.089  x  10 

-10 

14.0 

9.760  x  10 

1525 

1.822  x  Uf* 

1600 

4.092  x  10”9 

A  plot  of  log  D  vs  i/T  ia  shown  in  "  26.  This  figure  illustrates  that 
the  catter  In  the  date  is  quite  low.  The  'i.'*.uas  obtained  may  be  represented  by 
the  iuatlon; 


D  -  0.33  exp  (-6*  >  )/RT). 

2.  Interstitial  Diffusion 
Pl«tinm*-Hydroft«n 

measured  the  rate  at  flew  >f  hydrogen  through  platinum 
foiH  “.0133  cm  thick  at  600,  700,  and  800°C.  Although  the  data  la  traatad  in 
a  so«  hat  differsnt  manner  than  normally  found  In  p  lyslcsl  metallurgy,  ths  sc- 
tivat  n  energy  should  be  in  agreement  with  thet  obt.  !.r.ed  from  standard  measure¬ 
ments  Q  Is  given  ee  16,000  cel/aole  with  very  llttl*  scatter  in  the  data. 
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3.  Substitutional  Diffusion 


a.  ^latinua  Gold 

The  diffusion  between  pure  platinum  and  pur*  gold,  at  1002 
and  1038°C  was  reported  by  Bolk.lH?)  The  samples  were  bonded,  diffused,  and 
sectioned.  After  the  removal  of  each  section  (20  to  500  microns),  a  Laue-back 
reflection  picture  was  taken  and  the  composition  was  determined  from  the  lattice 
spaclngs.  The  diffusion  coefficient  is  plotted  as  a  function  of  composition  in 
Pig.  27.  No  activation  energies  were  reported  as  measurements  were  made  at  only 
two  temperatures.  However,  intrinsic  diffusion  coefficients  were  determined  and 
are  listed  in  Table  42. 


Table  42 


Intrinsic  Diffusion  Coefficients  in 
Platinum-Gold  8yatem(ll^ 


leap. 

<°C) 

(JK.o 

gPt 

(cm  /sec) 

l  Gold  at 
Marker 
Interface 

1002 

1038 

2.50  x  uf9 
3.49  x  iC9 

5.3  x  HfU 
4.1  x  10~U 

94.8 

96.2 

A  sharp  discontinuity  vaa  found  in  ths  concentration  ve  distance  plots,  corre¬ 
sponding  to  the  two  region.  a2  in  the  phase  diagram  reported  by 

Darling,  Mint* rn,  end  Cheeton.UlS) 

Joet*119^  studied  the  diffusion  of  gold  from  en  electrolyticelly  pletfid 
leper  into  an  alloy  of  80  wt.  %  Au  -  20  wt.  I  Pt.  The  diffusion  was  csrried  out 
in  e  single  phased  region.  Ho  measurements  were  made  as  to  the  effect  of  compo¬ 
sition  on  the  diffusion  rate.  The  reported  data  ia  given  in  Table  43. 

Table  43 


Plaelnum-Gold  Diffusion  Data  at  Utah 
Cold  Concentrations! 110) 


Tg*>- 
<  C) 

(cmVsfcc) 

74G 

— iz 

4.7  a  10 

824 

2.2  x  10'11 

927 

6.2  x  !0  'U 

986 

_  1. 7-2.8  x  i0"‘° 

78 
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This  data  may  be  found  to  fit  9  equation: 


0  -  1,24  x  1(P  exp  (— 39,000/RT) . 

This  value  for  1>  at  986°C  agreeu  quite  well  with  that  obtained  by  Bo lk 
for  1002  C. 

Jf-ai.3^^  annealed  pure  gold  -  pure  platinum  diffusion  couple*  for  5 
day*  at  900°C.  Hi*  eectioning  technique  va*  not  good  enough  to  pick  up  the 
discontinuity;  consequently,  he  plotted  the  pent tration-coopoeition  curve  aa  a 
continuous  line  from  which  he  deduced  a  much  fatter  diffusion  of  platinum  into 
gold  than  of  gold  into  platinum.  Due  to  this  obvious  error,  the  data  will  not 
be  given  here.  It  should  be  mentioned  that  HstauoOSl)  used  thi«  data  te  cal¬ 
culate  the  diffusion  coefficient  ae  a  function  of  composition,  wf  >h,  com*v- 
quont ly ,  is  also  in  trror. 

b.  PletiniiB’CoDpeg 

(122)  The  diffusion  of  plsHnum  in  copper  was  invcstigatsd  by 

Hatanov  /  over  the  concentration  range  of  2. A  to  3.5  at.  X  Pfc  (1  to  10  wt.  %  Pt). 
The  specimen’:  were  ground  away  in  stops.  After  e*eh  seep  the  lattice  parameter 
of  che  ground  surface  was  u*termiu«d  by  x*ray  diffraction,  from  which  the  coapo* 
sit-on  wee  determined.  The  data  it  reported  in  'j'abi*  AA. 


latlnum-Copptr  Diffusion  Pete at  Hi 
Copper  Concentretionstm? 


(cm2/eec) 


490 

5.8  *  10 

080 

-12 

A. 5  *  lU 

700 

1.3  x  kTU 

850 

3.5  x  10**U 

960 

1.1*2. 3  x  10“10 

The  equation 


D  -  1.0  a  10  exp  <-21,900/*T) 


represents  the  rcletiooehip  for  the  values  obtained. 
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(123) 

Kubaschewski  and  Ebert  carried  out  diffusion  in  the  platinum-copper 

system  at.  high  platinum  concentration.  Eure  platinum  was  bonded  with  a  93  wt.  7.  Pt- 
5  wt.  %  Cu  (13.9  at.  %  Cu)  alloy  and  diffused  at  temperatures  from  1041  to  14G1CC„ 
Layers  were  suschined  off  and  x-ray  diffraction  patterns  recorded.  From  these  pat¬ 
terns  the  composition  was  determined  from  previously  prepared  standards.  The 
values  found  are  shown  in  Table  45. 


Table  45 


Piatimim-Cotiner  Diffusion  at  Hiah 
Platinum  ConeentretioagO^ffi 


Thi*  data  may  be  represented  by  the  aquation: 

D  »  4.9  *  l<f2  **p  <<*S5,700/aT) . 


In  the  last  two  references,  superb  data  has  been  reported  for  the  high 
platinum  and  low  platinum  portions  of  the  copper-platinum  ayatsm.  This  may 
well  ba  sufficient  for  acme  alloy  development  purposes  but  for  academic  reas¬ 
sert*  ,  the  diffusion  data  and  especially  the  activation  energy  date,  may  ba  far 
more  interesting  la  the  region  of  the  ordered  Cu^Pt  and  CuPt  phase*. 

e.  PUtjlnuB-Hickel 

Kubsschswskl  and  Iberl^2^  also  studied  the  diffusion  In 
the  high  platinum  portion  of  the  platluum-ntckel  system.  Pure  platinum  was 
bended  to  an  atlog  of  94.8  wt.  t  Ft  -  5.2  wt.  %  Hi  end  diffused  at  temperature* 
from  104)  to  1401  G.  The  composition  along  Che  diffusion  coup l*  we*  data  mined 
from  x-ray  diffraction  pattern*  of  machined  sections,  the  data  obtained  la 
given  la  table  44. 
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Table  46 

Diffusion  Data  for  the  Platinum-Nickel  System 


at  High  Platinum  Concent  rations 1 


r  *  roi 


mm 


-■^r-l 


Temp. 

(°C) 


(cm^/sec) 

5.3  xiO 

1.8  x  10_1C 

4.9  x  10'1C 

1.5  x  Iff9 

1.6  x  10"9 


These  values  may  be  expressed  as 


D  =  7.9  x  10  ^  exp  (-43,100/BT). 


The  data  appears  to  be  very  good  with  i.  «  than  a  normal  amount  of  scatter  in 
the  iog  B  vs  1/T  curve. 

A  summary  of  diffusion  in  platinum  is  given  in  Table  47. 


B.  Diffusion  in  Hafnium 
i .  Self-diffusion 

The  self-dif fusion  of  hafnium  has  not  been  measured.  However, 
estimates  of  the  activation  energy  may  be  obtained  from  melting  point  and  heat 
of  fusion  relations. 


<0*-v! 


■4- 


The  best  value  for  the  melting  point  of  hufni«m  is  2222  C  as  determined 
by  i/eardorf f  and  HayetsX12^)  (This  value  is  considered  best  as  their  hafnium 
contained  the  Least  amount  of  impurities,  the  main  impurity  usually  being  zir¬ 
conium.)  F~cm  LeClaire's  relation, (^8)  the  activation  energy  for  self-diffusion 
in  hafnium  is  Q  ■  94,800  cal/molc.  The  plot  of  activation  energy  for  self- 
diffusion  vs  melting  point,  shown  in  Fig.  8  enables  Q  to  be  estimated  for  haf¬ 
nium  as  Q  •  94,000  cal/mole. 

Nachtrieb  and  Handler^9^  stated  the  empirical  formula  Q  •  16.5  /S>  Hf 
where  Zi  Hf  is  the  heat  of  fusion.  Keiley(125)  gives  Hf  ■  5,790  cal  from 
which  Q  is  calculated  to  be  Q  *  95,500  cal/mole. 
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From  these  different  estimated  values,  the  value  Q  -•=  95,000  cal/mole  may 
be  taken  as  a  reasonable  estimate  for  the  activation  energy  for  self-diffusion 
in  hafnium  until  a  good  experimental  value  is  obtained. 

2.  Interstitial  Diffusion 
Hafnium-Oxyzen 

The  hafnium-oxygen  system  is  the  only  hafnium  system  in  which 
diffusion  measurements  have  been  made.  Pemsleri^o)  measured  the  rate  of  diffu¬ 
sion  of  oxygen  in  hafnium  by  observing  the  rate  of  dissolution  of  oxide  films 
into  the  metal  in  vacuum.  Samples  containing  1.45  wt.  »  Zr  were  electrolytically 
oxidized  in  a  solution  of  KOH  to  a  known  layer  thickness.  The  size  of  the  oxide 
layer  was  measured  by  the  weight  gained  by  the  sample.  The  color  of  the  oxide 
(a  measure  of  its  thickness)  was  observed  during  the  diffusion  >n  vacuum.  The 
parabolic  rate  of  disappearance  of  the  oxide  film  on  the  hafnium  suggests  that 
the  rate-controlling  step  is  the  diffusion  of  oxygen  in  hafnium.  Different 
orientation*  of  the  grains  caused  the  rate  of  disappearance  to  vary  by  as  much 
as  a  factor  of  two. 

To  calculate  diffusion  coefficients,  Pemsler  had  to  oaeumc  values  for  th» 
density  of  oxygen-saturated  metal,  the  density  of  monocllaic  hsfnic,  and  the. 
solubility  of  oxygen  in  hafnium.  The  theoretical  density  of  10.22  g/'em^  was 
used  for  the  mono-clinic  H£G2.  The  value  of  density  for  the  oxygen  saturated 
metal  was  taker,  arbitrarily  sa  13.5  g/enr.  No  data  for  the  solubility  of  oxygen 
in  hafnium  are  known,  so  the  diffusion  coefficients  were  calculated  for  three 
assumed  values  of  oxygon,  20,  30,  and  40  atomic  percent.  These  values  should 
bracket  the  actual  value  as  the  solubility  of  oxygen  In  titanium-oxygen  la  34 
atomic  percent  oxygon  and  zirconium-oxygen  is  29  atomic  percent  oxygen.  The 
diffusion  coefficients  may  be  expressed  by  the  following  equations; 


for  20  et.  %  0 


0  »  1.4  exp  KS  1,950  ±  200) /ST) 


for  30  et..  X  0 


D  *  0.4?  exp  H5»,850  +  200)/8TJ 


for  40  et.  X  0 


D  -  0.14  exp  +  200)/IXj. 


The  experimental  auasuremute  have  been  performed  with  good  precision  but 
the  Isck  of  knowledge  of  certain  values  limits  the  precision  of  the  resulting  0 
values. 

Switzer  and  Slenad^^  studied  the  oxidation  of  hafniua  containing  5 
weight  percent  zirconium  in  pure  oxygeu  et  ?60  cm  Ug  pressure  in  tins  tesgwtature 
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range  35  to  1.200' 0  by  observing  the  weight  gain  as  a  function  of  time.  Only  the 
parabolic  region  of  the  curve  were  used  for  diffusion  constants,  Thomas  and 
Hayes^28)  plotted  the  weight  gained  per  unit  area  vs  1/T  for  Smeltzer  and 
Simnad's  data  where  the  parabolic  rate  law  is  obeyed.  From  this,  they  calcu¬ 
lated  an  activation  energy  Q  *  56,000  cal/mole  which  is  in  good  agreement  with 
that  obtained  by  Pemsler. 


Diffusion  in  Zirconium 


Self-diffusion 


The  self-diffusion  of  zirconium  may  be  estimated  from  the  melt¬ 
ing  point  and  heat  of  fusion  relations  as  no  diffusion  measurement*  have  been 
made.  From  LeClaire's  relation, (58)  the  activation  energy  for  self-diffusion 
in  zirconium  is  Q  *  81,000  cal/mole.  From  the  plot  of  activation  energy  ior 
self 'diffusion  vs  melting  point  shown  in  Fig.  8,  Q  may  be  estimated  for  zir¬ 
conium  as  Q  -  80,000  cal/mole. 


Using  Nachtrleb  and  Handler's  empirical  formula and  Kelley's  value 
of  &  Hj-  4,900  cal,  Q  is  calculated  to  be  Q  ■  80,800  cal/mole. 


These  values  are  probably  fairly  close  to  the  true  value  for  beta  zir¬ 
conium.  The  activation  energy  for  self-diffusion  in  alpha-zirconium  will  be 

somewhat  different,  nvbutj.'.y  lerpcr. 


iterstiti a 1  D i £  fusion 


fa  q\ 

Samsonov  and  Latysheva'  '  determined  the  diffusion  coef¬ 
ficients  for  diffusion  of  carbon  in  zirconium  in  tha  range  1000  to  1600°C  by 
applying  the  analysis  outlined  under  the  tungsten-boron  system  (page  3)  to  tha 
growth  of  the  zirconium-carbon  phase.  The  data  may  ha  described  by  tha  aquation 


D  •  4.52  x  10J  axp  H17,900  ±  5,600)/»T], 


Table  48 


Zirconium-Carbon  Diffusion  Data  Paine  the  Samsonov 
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b.  Zirconium-Hydrogen 

(129) 

Mall^tt  and  Albrecht  measured  the  diffusion  of  hydro¬ 
gen  into  zirconium  containing  0.02  weight  percent  hafnium.  The  samples  were  de¬ 
gassed  in  vacuum  and  then  heated  in  a  hydrogen  atmosphere  for  various  times  at 
temperatures  of  305  to  610°C.  Layers  were  machined  off  and  analyzed  for  hydro¬ 
gen.  The  diffusion  data  is  shown  below. 


Table  49 


Diffusion  of  Hydrogen  in  Alpha-gireonlum  at 
Low  Hafnium  Content^2^) 


Temp. 

(°C) 

D  x  106 
(cm^/sec) 

'  ‘  1,1 

Temp. 

(°c> 

0  x  1U6 
(cm**/ sec) 

305 

1.7 

486 

6.9 

350 

2.0 

567 

9.7 

410 

3.7 

610 

13.0 

446 

5.2 

These  results  sre  shown  in  e  plot  of  log  D  vs  1/T  In  Pig.  28.  The  data 
may  ha  represented  by  the  equation: 

D  »  7.0  x  10"4  exp  l-(7,Q60  +  260)/»T]. 


Surface  films  can  easily  lead  to  erroneous  diffusion  data  when  the  diffusing 
element  is  in  the  gaseous  phase.  Greet  cere  was  taken  in  tbia  work  to  reduce 
these  effects. 

Rarlier  dais  by  Schwartz  and  Hallett(lM*  on  diffusion  of  hydrogen  tu  sir- 
conlim  was  obtained  for  zirconium  containing  l  weight  percent  hafulum.  The 
valuer  are  given  in  Table  SU. 

Table  SO 

Diffusion  of  Hydrogen  in  Alphs;glrconluii 


Taap. 

V<f\ 

— FTT5° 
(emfysee) 

400 

6 

500 

10 

_ 1* _ 
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This  data  is  not  as  complete  nor  a6  reliable  as  the  more  recent  data  reported 
in  Ref.  129. 

Sawatzky^^  obtained  cylindrical  specimens  of  5  to  6  ppm  of  hydrogen  by 
vacuum  degassing  at  830°C.  These  samples  were  then  auraded  with  600-A  carbide 
paper  and  subsequently  heated  for  various  times  at  different  temperature  in  a 
hydrogen  atmosphere  at  200  nm  pressure.  Turnings  were  removed  from  the  diameter 
of  the  specimen  and  the  radial  distribution  of  hydrogen  was  determined.  Table  51 
lists  the  values  reported. 


Table  51 

Diffuaion  Data  for  Hydrogen  Diffusion  in  2ircaloy-2^^ 


Temp. 

(°C) 

0  x  106 
(cm4/ sec) 

261 

0.80 

315 

1.70 

358 

2.94 

408 

4.71 

458 

5.49 

515 

10.3 

560 

15.8 

This  data  may  ba  represented  by  the  equation: 

D  -  1.7  x  Uf3  exp  K8/M0  ♦  400>/M). 


THa  agreement  of  this  data  with  that  of  Xallett  and  Abracht  ia  quite  good,  dif¬ 
fering  by  Use  titan  »  factor  of  two  over  the  teansrature  range  inveatigated. 
Thla  smell  differ ante  may  wall  be  due  to  the  email  amounta  of  tin,  iron,  and 
chromium  in  the  Zircaloy. 

The  meaauremant  of  the  weight  gain  ae. a  furction  of  time  for  zlrcoiium 
heated  in  hydrogen  by  Cu  lb  ran  sen  end  Andrew'**"  shoved  a  parabolic  relation- 
ehip.  The  reaction  was  reported  to  be  vary  alow  at  2$0°C  and  quite  feat  at 
300*%-  The  affect  of  preaaura  was  also  studied.  The  reaction  wea  found  to  be 
vary  aenaitive  to  aurfaca  film*  and  pre-treatment.  Mo  value*  are  given  for  the 
diffuaion  coefficient  or  the  activation  energy. 
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c.  Zlrconltvg-NitroRon 

Mallett,  Belle  and  Cleland''132^  investigated  the  diffusion 
of  nitrogen  from  the  gaseous  phase  Into  beta-si rconiup.  containing  0.015  weight 
percent  hafnium.  The  samples  were  degassed  in  vacuum  and  then  heated  in  nitro¬ 
gen  in  the  temperature  range  of  920  to  1640°C.  Layers  were  renoved  and  analyzed 
for  nitrogen.  The  data  is  tabulated  below. 


Table  52 

3trconium-_Hitrogen  Diffusion  Data  for  Beta-Zirconium 
of  Law  Hafnium  ContentQl^l 


Temp. 

(°C) 

D  x  107 
(caz/aec) 

Temp. 

(°C) 

D  x  10' 
(cm2/aec) 

920 

0.55 

1305 

1.1 

97*. 

0.72 

1305 

11.0 

1030 

1.3 

1305 

6.3 

1085 

1.5 

1420 

14.0 

1085 

1.3 

1420 

17.0 

1140 

1.9 

1475 

25.0 

1195 

3.4 

1530 

35.0 

1195 

3.1 

1530 

39.0  1 

1195 

6.3 

1640 

51.0  j 

Ttiaaa  values  art  plotted  la  FI*.  29,  taduybs  related  by  tba  aquation; 


D  •  1.5  s  10~2  axp  (**(30,700  ♦  1,000)/IT]. 


In  aa  earlier  publication,  Mallett,  garocdy,  Kelson  and  Pepp<m>  reported 
the  diffusion  of  nitrogen  Into  beta-zirconium  containing  1.8  to  2,2  weight  par* 
cent  hafnivM.  Thi a  investigation  wee  carried  out  over  the  temperature  tanas  of 
900  to  1U»°C  u.Iot  ttw  —.  Ucb.lv>.  n  .,t,c,t.a  loot.  ^".uT 

auMurlaed  la  Table  53.  Tbeee  reaulte  ere  represented  by  the  equation; 


6  -  3  a  10~2  exp  (-(33,600  ±  l,600)/tlj. 
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Table  53 


Zirconium-Hitrogen  Diffusion  Data  for  Beta-Zlrconiua 
Containing  1.8-2.2X 


Teas. 

(°C) 

—  - 

D  x  10' 
(cnr/sec) 

Temp. 

(°C) 

D  x  107 
(cmz/sec) 

0.1 

1200 

1000 

0.4 

1200 

1000 

0.5 

1300 

1100 

1.1 

1400 

11 

1100 

2.7 

E  1 

17 

_ 

E 

27 

Good  agreement  la  »hown  with  the  previously  reported  data  of  Mallett,  Belle, 
and  Cleland.  The  alight  discrepancy  found  may  bo  u  real  effect  due  to  the  dif¬ 
ferent  hafnium  contents. 

Wasllvski^3^  reported  that  the  diffusion  of  nitrogen  in  beta-sircooiua 
fits  the  equation; 

D  -  3.5  *  Uf2  exp  (-33, 800/M). 


This  work  has  not  bean  published  but  is  given  as  a  private  coamun  teat  ion  in 
Kef,  132.  Further  consents  es  to  experimental  procedure,  temperature  range,  or 
degree  of  accuracy  of  this  work  c snoot  be  made  until  publication  of  tbls  work, 
the  superb  agreement  between  this  work  end  the  excellent  work  of  the  two  pre¬ 
viously  mentioned  Investigations  speaks  wsll  for  ell  three. 

Cutbransen  end  Andtew^^  measured  the  weight  gain  es  a  function  of  time 
for  alpha-tirconium  heated  in  nitrogen.  Parabolic  curves  ware  obtained  in  the 
temperature  range  of  $00  to  B25°C.  however,  the  date  at  400  end  500°C  does  not 
fit  tbs  diffusion  equation,  the  activation  energy  tor  the  r*te  limiting  step 
(assumed  to  be  diffusion)  is  given  es  Q  *  31,200  csl/mols.  This  larger  activa¬ 
tion  energy  would  be  expected  for  diffusion  in  the  alpha  phase,  the  work  in  tbs 
sirconiwn-onygta  system  showed  that  the  diffusion  coefficients  es  dstsrminsd  by 
Culbraaaao  and  Andrew  etc  in  very  bed  agreement  with  the  date  obtained  by  mure 
reliable  technique*.  This  leads  one  to  doubt  this  value  for  diffusion  of  nitro¬ 
gen  in  aipbe-tirconiun.  in  the  sircentum-oiygee  ayeten,  (feotl.*  lance,  e 
reasonable  value  for  the  activation  energy  for  diffusion  of  mitregeo  to  alpka- 
elrconium  nay  be  token  as  Q  -  45,000  cel/mo  Is  sod  U0  may  be  ssiumsd  to  be  around 
4  cmz/seC. 


d.  Zirconium-Oxygen 

PemsjLer^^  measured  the  race  ot  diffusion  of  oxygen  In 
alpha-zirconium  by  observing  the  rate  of  dissolution  oxide  films  Into  the 
metal  in  vacuum.  The  samples  were  oxidized  e  lectrolytically  in  a  solution  of 
KOH.  The  thickness  of  the  initial  oxide  layer  was  measured  by  the  weight 
gained  by  the  sample,  and  the  color  of  cite  oxide  was  observed  during  the  dif¬ 
fusion  in  vacuum.  There  is  -  parabolic  rate  of  disappearance  of  the  oxide  film 
on  the  zirconium  which  suggeata  that  the  rate-controlling  process  is  the  diffu¬ 
sion  of  oxygen  into  the  metal.  Variation  of  the  rata  of  disappearance  by  as 
much  as  a  factor  of  two  among  the  different  oriented  grains  was  observed . 

To  calculata  diffusion  coefficients,  Peaaler  had  to  assume  a  value  tor 
tba  density  of  oxygen-aaturatad  metal.  Th«  other  quantities  cuat  be 

known  for  thia  calculation,  the  danalty  of  xirconia  and  tha  solubility  ot 
oxygan  in  alpha-xirconium,  had  bean  determined  experimentally,  The  data  ob¬ 
tained  is  listed  in  Table  54. 


Tabic  54 


Diffusion  of  Oxvaen  in  Alpha-21rcoolum 


(135) 


Taap. 

<°3) 

2 

D  (m  /*«) 

400 

1.34  x  1<T^ 

402 

1,21  x  Uf14 

310 

-14 

2.79  x  10 

542 

■*11 

1.38  x  10  4J 

50* 

5.82  x  10~U 

These  experimental  points  era  plotted  in  Pig*  30,  and  may  ha  described  by 
tba  equations 


D  »  9.4  exp  K51#/«6  ±  220) /»T]. 


Kaasurameata  of  aurfrea  efface*  may  often  lead  to  largo  error*  due  to  tba  pres¬ 
ence  of  surface  film*  of  grass*  or  entrapped  gases,  tufflclant  car*  was  taken 
to  minimise  these  affect*  making  thin  data  quite  reliable. 

Kallatt,  Albrecht,  and  tfilaon^3^  axnaiwad  tba  diffusion  of  oxygon  in 
alpha  and  hats  tircutoy  in  the  tamparatu**  rang*  of  1000  to  1500  C.  for  the  <ta- 
tsmlaatloa  of  the  diffusion  eoafficlant  in  tha  alpha  phase,  tha  awmant  of  tbc 
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alpha-beta  phase  boundary  wa6  observed  as  a  function  of  tim<*  at  the  different 
temperatures.  Their  diffusion  coefficient  uu»y  be  represented  by  the  equation: 


D  _  •  0.196  exp  (-41,000  +  1,500)/RTJ. 
u*«r 

This  data  ia  plotted  in  Pig.  30.  Due  to  the  alloying  eler*ents  in  Zircaloy  and 
the  higher  oxygen  contents  of  this  investigation,  precise  agreement  with  the  data 
of  Pemaier  would  not  be  expected.  Although  the  D0  and  Q  values  of  this  investi¬ 
gation  are  considerably  different  froa  those  of  Pemsler's,  the  agreement  is 
pretty  good  as  aean  in  Fig.  30. 

Tha  concentration  gradients  for  the  oxygen-beta  sirconlum  diffusion  were 
determined  by  eectioning  and  chemical  analysis  of  samples.  The  cats  schicvud 
■ay  be  represented  by  the  equation: 


Vz*  "  0,0453  ****  i“<Z3,200  +  2,400)/STj. 

fraaco^*'*7^  obtained  an  astiaate  of  tha  diffusion  coefficient  at  1280°C 
by  following  tha  homogeneity  of  a  sirconlum  sample  to  which  a  known  amount  of 
oxygen  had  bean  added.  Tha  tins  was  noted  for  complete  diffusion  through  a 
known  volume.  This  gave  e  minimum  value  of 

0  •  5.25  x  10T°  cm2/ sec  at  l2Nib£ 


for  diffusion  of  oxygen  in  bets-sirconlum  which  agrees  vary  well  with  tha  data 
of  Hallatt,  Albrecht,  end  Uilaon. 

Other  Investigators,  Gutbrenaen  and  Andrew/*3^  measured  the  weight 
gained  by  a  sirconlum  sample  heated  in  oxygen,  Tha  reaction  followed  e  para¬ 
bolic  rate  lew  throughout  the  temperature  range  of  200  to  425  C.  Their  data 
was  found  to  fit  t*«  aquation: 


D  -  5.3  *  mT*  exp  <-ll, 200/At). 


This  ia  in  vary  poor  agreement  with  the  more  reliable  data  of  Safe.  135 
and  134.  Since  the  data  appears  to  have  been  taken  with  good  precision,  tha 
reaction  measured  probably  was  nut  diffusion, 

3.  Substitutions!  Diffusion 
a.  Sir coniua*Hltkt 1 

Allison  snd  Ssmeltot^13®3  investigated  the  diffusion  of 
zirconium  in  an  alloy  of  O.Od  weight  percent  zirconium  -  remainder  nickel  in 

95 
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the  temperature  range  800  to  970°C .  Their  method  consisted  of  measuring  the 
weight  gain  caused  by  surface  oxidation  of  the  zirconium  in  a  wet  hydrogen  am¬ 
bient,  and  identifying  the  surface  oxide  by  means  of  electron  diffraction. 
Since  the  grain  sine  was  less  than  10~ mm,  considerable  graiu  boundary  diffu¬ 
sion  was  found.  The  observed  diffusion  coefficient  fitted  the  equation: 


1  x  10  exp  (— 26,70Ci/RT) , 


It  is  not  clear  what  mechanism  was  actually  being  evaluated  by  these  meas¬ 
urements.  It  could  have  been  lattice  or  grain  boundary  diffusion  of  oxygen  into 
the  sample,  diffusion  of  zirconium  to  the  surface,  hydride  formation,  or  surface 
film  reaction  with  the  gss,  or  many  others.  Therefore,  this  method  is  not  very 
useful  for  diffusion  coefficient  determinations. 

b.  Zirconium-Titanium 

(1391 

Martens  reported  preliminary  work  on  the  diffusion  of 
zirconium-9^  tracer  into  zirconium-titanium  alloys  over  the  temperature  range  of 
825  to  1150  C.  An  activation  energy  of  approximately  23,000  cal/mole  is  reported. 

c.  Zirconium-Uranium 

A  very  complete  and  accurate  investigation,  of  the  diffusion. 
in  the  zirconium-uranium  system  was  carried  out  by  Adda,  Philibert,  and  Faraggi.  ' 
Pressure  bonded  diffusion  couples  were  prepared  between  the  pure  elements  and 
annealed  in  the  temperature  range  550  to  1075°C.  The  concentration  gradients 
were  determined  with  the  electron  microbeam  probe,  and  the  diffusion  coeffi¬ 
cients  and  the  activation  energies  were  then  determined  as  a  function  of  the 
concentration.  This  data  is  given  in  Table  55  and  may  be  seen  in  Figs.  31  and 
32.  Intrinsic  diffusion  coefficients  were  also  measured.  This  data  is  summa¬ 
rized  in  Table  56  and  is  shown  graphically  in  Fig.  33. 

(192) 

In  e  more  recent  paper,  Adda,  Mairy,  and  Andreuv  reported  the  ur«ni';.u 
and  zirconium  intrinsic  diffusion  coefficients  as  a  function  of  composition, 

This  was  accomplished  by  bonding  s  series  of  uranium  foils  with  fine  tungsten 
wire  between  them  to  a  similar  set  of  zirconium  foils.  By  measuring  the  move¬ 
ments  of  the  tungsten  wire,  a  whole  series  of  intrinsic  diffusion  coefficients 
can  be  determined  from  one  sample.  The  concentration  gradient  was  determined 
with  the  electron  mlcvobeam  probe.  The  experimental  values  of  D|j  and  Dgr  are 
plotted  as  a  function  of  composition  for  950  and  1000°C  in  Fig,  34.  It  may  be 
noted  in  this  figure  that  at  compositions  of  0  to  10  atomic  percent  uranium, 

Dzr  is  greater  than  Dy  while  at  compositions  of  10  to  100  atomic  percent  uranium, 

Dzr  i*  chan  Dy.  This  means  that  there  are  several  separate  regions  of 
sources  and  sinks  for  vacancies. 

Smith^^  measured  the  diffusion  of  zirconium  in  liquid  uranium  at  1270°C 
and  reported  that  D  ■  (1.9  +  0.9)  x  10"^  cnr/sec. 


A  summary  of  diffusion  in  zivconium  is  given  in  Tabic  57. 


WADD  TR  60-793 


Tab  If  55 


Zirconium-Uranium  blf fusion  Coefficients  for 
Various  Zirconium  Concentration*^  140) 


Temp.  (°C) 

At.  X  Zr 
Intrinsic  0^ 
Intrinsic  D,„ 


1000 

1040 

1075 

11.3 

11.0 

9.5 

1.6  x  10”8 

2.1  x  Uf9 

3.7  x  10~® 

1.0  x  Uf9 

2.3  x  Uf9 

2.9  «  10 ■» 
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it  ^  *  Variation  of  th«  diffusion  coefficient  with  coc^osielon 
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IV.  GROflP  m 

A.  Diffusion  in  Vanadium 

1.  Self-diffusion 

The  self-diffusion  of  vanadium  has  not  been  measured;  however, 
estimates  may  be  made  on  the  basis  of  the  relationships  of  LeClaire(58)  and 
Nachtrieb  and  Handler. (59) 

From  LeClaire's  empirical  formula,, the  activation  energy  for  self- 
diffusion  in  vanadium  is  calculated  as  Q  -  82,500  cal/mole.  From  the  plot  of 
activation  energy  for  self-diffusion  vs  melting  point  shown  in  Fig.  8,  Q  may  be 
estimated  as  Q  -  81,500  cal/mole. 

Nachtrieb  and  Handler's'  *  equation,  using  Kelley's  value  of  a  « 
5,050  cal/mole,  give  Q  ■  83,300  cal/isole. 

2.  Interstitial  Diffusion 
a.  Vanadium-Carbon 

(142) 

Powers  and  Doyle  carried  out  internal  friction  and 
elastic  after-effect  measurements  in  the  temperature  range  of  60  to  160°C  on 
carbon  doped  vanadium  samples  and  obtalnad  the  relation: 

D  -  0.0047  +  0.0006  exp  (-<27,300  ±  100) /IT j. 

The  date  looks  sxtrsmsly  good  as  rsflscted  in  tbs  authors  estimate  of  their 
error. 


.  -v-. 
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A  year  later  the  asms  authors'  *  reported  similar  values  obtained  by  th« 
asms  technique# .  This  data  fitted  the  aquation: 

D  •  0.0045  *  0.0005  exp  K*7,2SO  +  80)/&t). 

The  log  the  relaxation  time  ve  1/T°K  for  this  dete  ie  plotted  in  Fig.  6. 

b.  Ma&mMSMsm 

An  eerly  report  by  Fowers^^'  described  internal  friction 
measurements  made  at  254.2,  263.8,  and  279.2  C  using  the  torsion  pendulum.  A 
peak  due  to  diffusion  of  nitrogen  in  venedium  wee  found  at  272°C  for  a  frequency 
of  1  epa.  The  activation  energy  is  given  as  <}  “  34,100  cal/mole. 

Stanley  and  Wett^^^  determined  the  diffusion  of  nitrogen  in  vanadium 
from  Internal  friction  measurements  with  the  torsion  pendulum  at  frequencies 
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of  1.2  to  0.7  cps.  Their  data  may  be  represented  by  the  equation: 

D  «  0.018  exp  (-35,100/RT). 


At  higher  nitrogen  concentrations,  a  nitrogen-nitrogen  interaction  peak  becomes 
apparent  which  may  lead  to  spurious  results. 

The  more  recent  measurements  of  Powers  and  Doyle^®^  were  obtained  from 
internal  friction,  elastic  after-effects,  and  peak  breath  xeasurements  over  the 
temperature  range  of  140  to  270°C.  The  values  obtained  are  presented  below. 


Table  58 

Vanadium-Nitrogen  Diffusion  Data  of  Powers  end  Doyle ^ 


Method  of  Ksssuremsnt 

- * - 1 

(cm^/eac) 

Q 

(cal/mole) 

Internal  friction 

tlestic  after-effect.. 

Combined 

Peak  breadth 

0.016  t  0.016 
0.0090  +  0.0022 

0.0092  ±  C.0021 

34,600  ±  000 
34,000  ±  200 
34,060  ♦  220 
34,200  ±  m 

The  log  of  the  relaxation  time  vs  l/T°I  for  this  data  Is  plotted  In  Pig.  4* 
Tha  data  is  extremely  good  end  is  probably  the  most  reliable  for  diffusion  of 
nitrogen  in  vanadium. 

Tha  theoretical  values  calculated  by  Parro^^  for  diffusion  of  nitrogen 
in  vanadium  is  given  by: 

0  -  0.038  exp  (-22,000/81). 

tha  agreawint  of  Perro'd  theoretical  values  with  tha  vary  reliable  experimental 
values  la  not  aa  good  in  this  ayataa  as  it  waa  for  previous  systems  found  in 
this  paper. 


Early  data  of  towers'  ‘ '  on  diffusion  of  oxygen  in  vanadium, 
obtain. d  with  the  torsion  pendulum  at  temperatures  of  172.&,  180.5,  and  193. 4°C 
gave  the  activation  energy  as  Q  *  28,603  cel/mole. 
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Powers  and  Doyle^  ^  examined  diffusion  in  the  vanadium-oxygen  system  by 
use  of  internal  friction  and  elastic  aftei-etiect  measurements  using  the  torsion 
pendulum  in  the  temperature  range  of  72  to  190  C.  The  data  may  be  represented 
by  i-liK  equation: 

D  -  0.019  ±  0.002  exp  [-(29,300  +  100) /RT]. 


The  high  degree  of  accuracy  of  this  work  may  he  seen  in  the  small  errors  reported 
in  the  above  equation. 

(144) 

Stanley  and  Wert  also  obtained  a  diffusion  coefficient  using  internal 
friction  measurements  performed  with  the  torsion  pendulum  in  the  frequency  range 
of  0.7  to  1.2  cps.  Their  data  is  described  by  the  equation: 


0  -  0.003  exp  (-28,200/RT) . 

(48) 

The  most  recent  measurements  of  Powers  and  Doyle v  were  carried  out 

over  the  temperature  range  of  72  to  l<JO°c  using  internal  friction  and  elaatic 
after-effect  relationship*.  The  data  ia  Hated  in  Table  59. 


Table  59 

Diffuaion  Coefficients  for  the  Diffusion  of  Oxygon 

~  in  Vanadlua  aa  Determined  by  Internal 

Friction  Heaaurementaf4q) 


Method  of  Measurement 

mam 

Q  (cal/mola) 

Internal  friction 

KUstic  after  effects 

Combined 

0.026  t  0.010 
0.0U  t  0.004 
0.0130  ±  0.0032 

29,600  ♦  300 
28,900  ±  300 
?9,0!0  ♦  190 

The  plot  of  the  log  of  the  relaxation  itiui  v*  1/T°R  for  thie  data  ia 
ahown  in  Fig.  4.  Th*  high  degree  of  accuracy  of  the  work  published  in  this  ref¬ 
erence  has  been  stressed  previously. 

Ferro's  theoretical  values  of  0,,  *  0.018  end  Q  *  15,CC0  cal/mola  era  in 
rather  poor  agreement  with  the  experimental  results  for  this  system. 


3.  Subatltutlonal  Diffusion 


a.  Vanadium-Iron 

{ 166) 

Stanley  and  Wert'  1  determined  “he  diffusion  constants  in 
an  alloy  of  iron  and  18%  vanadium  ovei  e  wide  temperature  range  by  a  combination 
of  radioactive  tracer  and  internal  friction  meanuremeata .  Meaouremrnta  were  made 
over  a  considerable  temperature  range  on  both  aides  of  the  Curie  tender a ture .  in 
the  paramagnetic  region,  the  diffusion  results  may  be  described  by  the  equations: 


T>(Fe59j  -  7  exp  (-61,700/tT) 
•  4  exp  (-18,500/1%). 


Below  the  Curie  temperature,  the  internal  friction  dete  showed  that  diffu¬ 
sion  was  100  times  slower  than  the  ubove  two  aquations  would  indicate.  Part  of 
the  effect  la  dua  to  a  change  in  the  activation  energy  and  part  due  to  the  chenge 
in  Dc.  this  seme  effect  of  a  change  in  the  diffusion  coefficient  at  the  Curie 
temperature  hee  been  observed  in  the  diffusion  of  Ml6-  into  pure  iroo(l6?)  end  In 
the  eelt-dif fusion  in  Ivon.'188) 

b.  Xiaattm:USin*MB 

Diffusion  between  pure  titanium  and  two  different  tttaniua- 
vanadlue  alloys,  15  weight  percent  vanadium  and  7.5  weight  percent  vanadium,  was 
investigated  by  Goo Id. (104)  temples  were  diffused  at  temperate-  „  .a  the  range 
300  to  1248°C.  The  simples  were  then  sectioned  and  chemically  analysed,  and  dif¬ 
fusion  coefficients  were  determined  aa  a  function  of  concentration  by  meant  of 
the  Katano  analysis.  ThOj  markers  were  included  in  some  samples  In  order  to  de¬ 
termine  the  intrinsic  diffusion  coefficients.  D  ee  e  function  of  atomic  percent 
vanadium  le  shown  in  Pig.  55.  for  2  atomic  percent  vanadium,  0  is  given  by  th«- 
equation: 


D  w  6.0  at.  uf*  exp  H»,600  £  4,700)/**). 


At  1250°C,  the  Intrinsic  diffusion  coefficients  for  96.5  atomic  percent  titanium 

are: 


0ti  •  1.31  x  uf* 
By  -  14.9  x  W-9 


A  aweary  of  diffusion  lu  vanadium  is  given  in  labia  60. 


IttDO  It  60-793 


108 


H 


B .  Diffusion  in  Chromium 
1.  Self-diffusion 

Paxton  and  Gondcli^^  measured  the  self-dif fusion  coefticient 
for  chromium  in  the  temperature  range  of  950  to  1250°C  by  vacuum-condensation 
deposition  of  Cr^l  on  pure  chromium  discs.  Self-diffusion  coefficients  were 
evaluated  by  surface  activity  before  and  after  annealing  and  by  progressive 
grinding, fresh  surfaces  were  exposed  on  which  activity  measurements  were  made. 
The  data  may  he  represented  by  the  equation: 


D  -  0.0001  exp  (-52,700/RT). 


J  Both  the  DQ  and  the  Q  values  are  much  lower  than  one  would  expect  for  a  vacancy 

I  diffusion  process.  Pound,  Bitier,  and  Paxton' *46)  have  proposed  that  the  ring 

mechani«a(' 47 , 148)  the  operating  mechanism  for  salf-dif fusion  in  chromium. 

[Rothman, Lloyd,  and  Harkneaa'149)  have  alao  suggested  that  the  ring  mechanism  is 
operating  in  self-diffusion  in  gaasu  uranium.  Excessively  low  values  of  0o  and 
Q  have  been  obtained  for  self-dif  fusion  in  gam  uranium  by  three  different  In¬ 
vestigations  in  three  different  countries, (*49, 150, 151)  0f  their  results 
agreeing  within  experimental  error.]  Hence,  the  often  doubted  ring  mechanism  is 
beginning  to  raeeive  experimental  support.  Although  the  activation  energies  to 
be  expected  for  the  ring  mechanism  have  not  been  calculated  for  chromium  or 
uranium,  D0  veluee  have  been  calculated  on  the  basis  of  tbla  mechanism.  These 
calculated  values  agree  qualitatively  with  the  experimental  values  obtained  for 
self-dif  fusion  in  gaasia  uranium.  (149) 

2.  Intaratitial  Diffusion 

*.  Chromium-Boron 

Samconov  and  Solonnikova/3^  using  the  technique  described 
under  the  tungsten-boron  system  (page  3)  have  determined  the  "diffusion  coefti 
cisnt"  of  boron  in  chromium  from  the  measured  rates  of  growth  of  the  CrB2  phase. 
The  only  date  reported  is  the  activation  energy  4  -  20,520  cal/vaols.  Although 
no  data  points  art  given  from  which  to  judge  the  vslidity  of  this  work,  previous 
comparison  of  lets  reported  in  this  reference  with  dete  from  more  reliable  tech¬ 
niques  has  shorn  that  tula  dete  Is  of  questionable  value  for  diffusion  purposes. 

b.  sigfiaiaia^tigifeaa 

<341 

8s»sonov  end  Bolonnikova  '  have  alao  measured  the  diffu¬ 
sion  of  cerbon  into  chromium.  An  activation  energy  of  Q  •  26,000  cel/mole  is 
tested  for  this  process.  The  comments  made  on  the  chromium-boron  system  con¬ 
cerning  the  usefulness  of  this  date  as  diffusion  dete  also  apply  to  this  system. 
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3 .  Substitutional  Diffusion 


a .  Chromium-Coba  1  ■: 

Weeton*'1^  measured  the  diffusion  of  chromium  in  alpha- 
cobalt-chromium  alloys  over  the  composition,  range  of  0  to  35  weight  percent 
chromium  by  pressure  bonding  alloys  of  different  composition  and  diffusing  them 
in  the  temperature  range  of  1000  to  1360°C.  The  temperature  of  diffusion  and 
the  composition  of  the  different  diffusion  couples  is  given  In  Table  61. 


Table  61 


Chromium  Concentration  of  Chromium-Cobalt 
Diffusion  Specimens!*-^ 


1 — - " 

Temp.  (°C) 

1360 

1300 

- n 

1150 

1000 

C1 

C2 

a 

C2 

a 

C2 

C1 

C2 

Tntltsl 

0 

22.20 

0 

28.00 

13.15 

38.65 

0 

24.92 

composition 
a  Cr) 

9.6 

0 

23.06 

28.00 

9.60 

9.98 

41,15 

39.20 

0 

28.06 

9.80 

39.97 

0 

28,15 

•  Chromium  content  of  low  chromium  aide. 
C,  *  Chromium  content  of  high  chromium  aide. 


Section*  were  machined  off  and  chemically  analysed.  The  dlffueion  coefficient 
wee  found  to  he  conatant  within  a  factor  of  two  over  the  composition  range  1» 
veotlgatad,  hence,  th*  Grube  analyele  wae  ueed.  The  value*  war*  fouud  to  flc 
tbu  equation! 


D  -  0.643  exp  (-63,600/gT) . 


Tne  date  point*  in  the  log  D  v*  1/T  plot  have  mote  then  e  normal  amount 
of  scatter .  Thia  may  well  be  due  to  the  vetloua  compositions  studied  in  this 
reference . 

Gruiln  end  Noskow^^"^  examined  the  diffusion  oi  Co^  Into  various  coba’t- 
chromlua  and  cobalt-nickel-chromium  alloys.  A  Co^®  layer,  0.005«ttn  thick,  was 
electrolytlcslly  deposited  onto  thin  discs  of  the  alloys  and  diffused  in  the  tem¬ 
perature  range  of  1100  to  1350°C.  Two  to  four  measurement*  were  mads  at  eech 
temperature.  The  results  are  shown  in  Table  62 
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Table  62 


Diffusion  of  Co60  in  Cobalt -Chromium  and  Cobalt-Nickel- 
Chromium  Alloys( 1 j3) 


I 

x  1011  (cm2/sec) 

Temp. 

<°C) 

Co-Cr 
(41  Cr) 

Co-Cr 
(77.  Cr) 

— 

Co-Ni-Cr 

(26%  Si  -  187.  Cr) 

1100 

2.7 

1.7 

2.1 

2.5 

1120 

3.2 

3.8 

1150 

3.1 

4.7 

4.5 

1160 

5.2 

6.8 

7.1 

1200 

9.7 

9.4 

12.2 

11.7 

1220 

15.0 

24.0 

22.2 

1250 

21.5 

24.0 

23.5 

29.5 

1280 

3C.0 

47.0 

51.0 

1300 

32.5 

38.8 

36.8 

40*0 

1320 

58.0 

62.0 

1350 

80.8 

135.0 

20.0 

The  D  and  Q  values  obtained  from  this  data  are  ahovn  in  Table  63. 
o 

Table  63 

Frequency  Factor  and  Activation  Energy  for  Diffusion _of  Co 
in  Cobalt -Chromium  and  Cobalt*Hickel-Chromtum  Alloy.it' 


Composition 

(cm2?*ec) 

Q 

(cal/mole) 

Co*Cr 

41  Cr 

HFQH 

65,800 

Co-Cr 

1 

79,300 

Co-Ni-Cr 

B 

1 

72,100 

Co-Ni»Cr 

mBSm 

64,200 
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Below  1160  C  a  great  deal  of  grain  boundary  diffusion  was  observed.  The 
Fisher(154)  analysis  was  used  to  obtain  the  grain  boundary  diffusion  data 
shown  in  Table  64.  The  grain  boundary  width  was  taken  as  one  lattice  spac¬ 
ing. 


Table  64 
..  -60 


Grain-Boundary  Diffusion  of  Co  in  Cobalt-Chromium  and 
Cobalt-Nickel-Chromiuro  Alloys 1153) 


8  2 

D_  _  x  10  (cm  /sec) 

u  ♦  D  ♦ _ . _ 


Temp. 

(°C) 

Co-Cr 
(4%  Cr) 

Co-Cr 
(7*  Cr) 

Co-Ni-Cr 
(261  Ni  -  97.  Cr) 

980 

8.3 

7.5 

4.9 

1040 

69 

64 

14 

1100 

160 

160 

57 

1160 

400 

650 

170 

Q  (cal/mole) 

55,000 

74,000 

67,000 

Tha  data  appears  to  be  very  good  and  quite  complete.  No  mention  waa  made  as  to 
the  sectioning  or  counting  procedures.  However,  In  the  past  Grusin  has  preferred 
to  measure  the  activity  of  the  surface  of  the  specimen  after  various  diffusion 
times. 


b.  Chromium-Iron 


The  eiriy  data  by  Hicka^*^  and  Bardanhauar  and  MvUer^^ 
More  racent  data,  hv  llarfaU”)  an(j  Gruzin  (*4,158)  t«  much 


is  very  incomplete.  More  recent  date,  by  node 
more  preclee  and  complete. 


utr  and  Mulls 

,(24,158)  l# 


In  the  work  of  Hicks  electrolytic  iron  specimene  were  packed  in 
chromium  powder  end  heeted  et  1200°C  in  vecuum.  The  concentration  vo  distances 


curves  were  determined  by  measuring  the  lattice  epeclngs  by  x-ray  diffraction 
after  the  removal  of  known  layer  thicknesses.  Ha  found  that 


D  -  (1. 7-8.1)  x  Ilf*  at  1200°C, 


Bardenheuer  and  Muller  measured  the  diffusion  between  pure  chromium 


and  pure  Iron  at  1130  and  1350  C*  The  samples  were  sectioned  and  chemically 
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analyzed.  No  measurements  were  made  as  to  the  variation  of  the  diffusion  coeffi¬ 
cient  with  changing  composition.  The  data  is  listed  in  Table  65. 


Table  65 


flhmmi  nm-lron  Diffusion  Data  for  1150  and  1350°C^ 


D  (cm  /see) 


6.8  x  10 


2. 2-5.3  x  10 


Talcing  on  average  value  of  D  *  3.2  x  10~®  cm^/s«c  at  1350°C,  this  data  may  be 


shown  to  fit  the  equation: 


D  -  218  exp  (-69,500/RT) . 


With  meaaurements  at  only  two  temperatures,  the  activation  energy  and  Dq  values 
are  very  uncertain. 


Uede^15^  measured  the  diffusion  of  chromium  in  iron  by  plating  chromium 
onto  iron  wires  and  measuring  the  growth  of  the  plated  layer  «•*  a  function  of 
time  and  temperature.  The  following  analysis  was  uaad  to  determine  the  diffu¬ 
sion  coefficient: 


t'77 


U  »!■  »H  ' 

f  i Dt 


2  x 

which  gives  x  •  4A  Dt,  where  A  depends  on  .  Taking  the  solubility  limit  •• 


Cx  ■  14X  tnd  C.  *  100/2  *  SOX,  then  A  -  0.584.  Prom  nassursd  psnatratlons  (x) 
st  glvsn  tlmss  (t)  ths  following  vsluss  of  D, listed  in  Tsblt  66,  were  determined. 
A  tog  D  va  i/T  plot  of  thie  date  is  shown  in  Fig.  36.  The  curve  shows  very 
little  scatter  in  the  data  points.  The  activation  energy  is  reported  as 
Q  ■  61,800  cal /mo Is  from  which  one  may  calculate  the  relation: 


D  -  12?  exp  (-61,COO/RT). 
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Table  66 


Diffusion  in  the  Chromium-Iron  Syatear 


'~k 


This  data  represents  an  average  diffusion  coefficient  over  the  concentration 
range  of  0  to  14%  chromium.  No  calculations  can  be  made  from  such  data  as  to 
the  variation  of  the  diffusion  coefficient  with  composition. 


Grurin'  '  studied  the  diffusion  of  Cr  into  alpha-lion,  g*«wa-iron,  and 


a  0.821  carbon  ateel.  The  diffusion  anneals  ware  carried  out  in  the  temperature 
range  of  750  to  1250°C.  The  data  is  shown  in  Table  67. 


Table  67 


Data  on  the  Diffusion  ofCr  Into  Inn 
and  Steel (24) 


.  i 


Temp. 

D  x  10 

(cm  /sec) 

'  C) 

Iron 

0.82%  C  St 

750 

0.5 

1.4 

800 

4.9 

2.0 

850 

19.0 

» 

875 

t*  »  m 

5.7 

900 

14.0 

««•  i» 

950 

24.0 

13 

1000 

44 

18 

1050 

58 

33 

HOC 

23 

39 

1150 

90 

67 

1200 

130 

190 

1250 

870 

370 
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These  values  may  be  described  by  the  following  equations: 


°OFe  *  3  *  10  exp  (“82>°00/RT) 


D  pg  -  1.8  x  10h  exp  (— 97 ,000/RT) 


DYsteel  “  10  exp  (-75,000/RT). 


The  experimental  points  were  obtained  by  reliable  techniques  and  show  a  normal 
amount  of  scatter  in  the  log  T  vs  1/T  plots. 


(158)  59 

Gruzinv  '  also  measured  the  diffusion  of  an  electrolytical  deposited  Fe 


tracer  into  Fe  -  3.98  wt.  X  Cr  and  Fe  -  7.90  wt.  X  Cr  alloys  eve-  the  tempera¬ 
ture  range  of  1100  to  1230°C.  The  alloy  samples  were  melted  and  nomogemzed  for 
20  to  30  hours  at  1100  to  I200°C.  The  diffusion  coefficients  were  found  to  be 
as  stated  in  Table  68. 


Table  68 

„  -r  *.59 


Data  on  the  Diffusion  of  Fe  into  Chromium-Iron 
Alloys  of  At  and  8%  Chromium^ 1$&) 


Tsmp. 

D  (cm 

7aec) 

<°C) 

81  Cr 

4X  Cr 

1100 

1.1  X  Uf11 

3.3  x  10~: 

1150 

2.2  x  10”U 

7.2  x  10H 

1200 

9.0  x  «fU 

1.5  x  10“] 

1250 

—10 

2.1  x  10 

3.6  x  io”1 

This  date  is  shown  in  fig.  37.  The  activation  energy  and  D0  valuaa  are  given 
in  Table  69.  Grusln  believed  that  the  activation  energy  should  vary  linearly 
with  composition.  Therefore,  he  felt  that  the  lover  value  of  Q  for  the  41  Cr 
alloys  waa  due  to  hydrogen  in  the  metal  and  accordingly  made  a  correction  for 
the  hydrogen  content  which  gave  him  a  Q  *  ?S, fifth  cal /mole.  The  hydrogen  con¬ 
tent  for  hie  alloy  la  not  given  nor  doe*  he  describe  the  mnehod  for  "correcting" 
for  it. 


the  data  in  general  Is  quite  good  as  seen  by  the  small  amount  of  scatter 
in  the  data  plotted  in  Fig.  37.  However,  the  correction  for  the  hydrogen  con¬ 
tent  does  not  seem  necessary  uor  valid. 
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Table  69 


Frequency  Factor  and  Activation  Energy  for 
Diffusion  of  Fe^9  in  Several 
Ircn-Chromium  Alloys(lSfr) 


Composition 

Q 

(cal/mole) 

D 

(cm*/ sec) 

Fe  -  81  Cr 

90,000 

600 

Fe  -  4t  Cr 

69,000 

4 

Pure  Fe  (Ref.  84) 

68,000 

0.7 

\ 

Fe  -  41  Cr 
(corrected  for  H2 
content) 

m 

20.0 

c,  Chromium-Silicon 

Samsonov  and  Solonnikova  using  their  previously  de¬ 
scribed  method  (page  3)  determined  the  “diffusion  coefficient"  of  silicon  in 
chromium  from  the  measured  rates  of  growth  of  the  CrSi2  place.  The  only  data 
reported  is  the  activation  energy  Q  *  10,250  cal/mole.  This  value  seems  to  be 
extremely  low  when  compared  to  the  activation  enargy  for  diffusion  in  any  of  the 
other  chromium  «y sterna.  The  doubtful  validity  of  the  data  glveu  ...  this  refer¬ 
ence  for  use  at  diffusion  data  has  basn  sxpsndsd  upon  ear liar. 

d.  Chromlum-Tl tsnium 

Mort  lock  and  Toalin^^  svsporated  Cr51  onto  discs  of  s 
T1  *  181  Cr  alloy.  Thsse  discs  wars  than  put  togethsr  so  that  ths  Cr-*1  formed 
the  middle  layer  of  e  sandwich  arrangement,  the  samples  were  diffueed  et  1000 
end  1Q47°C,  Autoradiographs  were  taken  and  measured  with  a  high  rssolutlon 
•canning  mlcropho toms tar.  The  log  of  tha  photographic  density  was  plottaa  vs 
the  iqucre  of  the  distance  which  yielded  very  fine  straight  lines.  Tha  raeulta 
found  art  tebulatad  in  Table  70.  A  furthar  extension  ef  this  work  was  performed 
in  a  rather  interesting  way  by  Mortlnck  and  Tomlin. Cr'1  ua>  evaporetad 
onto  commercially  purs  titanium  and  diffused  at  1055°C.  Tha  seas  sample  waa 
then  analyaad  by  three  dlffarant  techniques.  First,  an  autoradiograph  waa  taken. 
Then,  the  sample  was  etetiuned.  After  the  removal  of  «ach  section,  the  activity 
at  the  and  of  each  sample  was  counted.  The  machined  suctions  were  also  dissolved 
end  their  activity  counted.  A  comparison  of  tha  three  techniques  can  ba  noted 
In  tha  following  data,  tha  agreement  is  surprisingly  good  between  the  three  tech¬ 
niques. 


Table  70 

niffuslon  Data  for  the  Diffusion  of  Cr51  Intn  Jn 
Alloy  of  Ti  -  18%  CrUi»A  -  - 


Temp. 

(°C) 

D  x  109 
(cm2/eec) 

1000 

2.0 

1000 

2.0 

1000 

2.2 

1.8 

1047 

3.9 

Table  71 

Data  on  Che  Diffusion  0£  Ct 


Pure  Titeniuw 


Method 


Autoradiographic 


Counting  tranevaree 
ii«Uom 


Counting  ditto Ivad 

layart 


D  at  1055°C 
(caVtac) 


7.0  a  10~* 


. J?1'  W*»  h.v.  ..unfed  tfefe 

?h!S,,I  n™  !"jf  for  Hv.r.l  differ.,*  tlt.nlun- 

chroaitva  alioya.  Cr5*  vat  vacuua  dapotltad  onto  fintly  ground  and  facta  of 

aawplat  l  cm  in  diaaatar  and  0.5  cm  in  length.  The  tacelta  vara  cltMsad  to. 

t*on*trmtale-III«tChd,irrJn*,,,*Bt  *Uh  th*  *ctlv*  fac#*  10  th<*  nlddleT  oiffu. 

«  SMdi  •*  tt*pamuraa  In  tha  range  926  to  U76°C  on  aeaolaa  of 
Iodide  cifcaniu*,  t*M«rcUi  titaniua,  Ti  ♦  101  Cr  alloy,  and  Ti  ♦  m 
The  conceturatioo-panentiration  curvet  for  the  chroulua  tracer  Mart  data rained*’ 

bIu-MraJl«tb!PC#5!ft,L“rr#CJlon  tov  th*  !««*»>•  *»ittad  along  with  Jha 
beca-partlclaa  by  Cr31.  Tha  teaulta  say  be  axptaaaad  aa  folloua. 
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Table  72 


Frequency  Factor  and  Activation  Energy  for  Diffusion 
of  Into  Pure  Titanium  and  Several 
Chromium-Titanium  Alloyi^b^l 


Solvent  Metal 

D0 

(crVaec) 

Q 

(cal/mole) 

Commercial  Ti 

MEM 

35,300  ±  2,700 

Iodide  Ti 

m&M 

37,700  ±  2,200 

Ti  +  iOH  Cr 

0.02 

40,200  +  3,900 

Ti  ♦  18%  Cr 

0.09 

44,500  +  1,CCC 

The  fine  eccurecy  of  this  work  ie  reflected  In  the  email  errors  reported  for 
the  activation  energise. 


e. 


Chromium-Uranium 

Moaae,  Levy  and  Adds^i5^  reported  diffusion  measurements 
in  dilute  elloye  of  chromium  in  ge 

a  A  Ji  _ a _ _k. _ a _ 


•uranium  in  the  temperature  range  900  to 
1000WC.  A  dilute  uranium-chromium  alloy  wee  bonded  to  pure  uranium  end  diffused 
at  e  temperature  such  that  the  alloy  wee  in  the  two-phase  field  of  ^emma  plue 
liquid.  By  measuring  the  movement  of  the  Interface  of  the  game*  plus  liquid- 
gamma  boundary,  the  diffusion  coefficient  waa  determined.  A  fcne*’’ *•*§#  of  the 
eolldus  composition  at  the  temperature  of  diffusion  was  also  necessary.  The 
uata  may  be  aaan  in  Table  73. 


XlkklJJ, 

Data  on  the  Diffusion  of  Chromium  in  Uranium 
at  Low  Chromium  Concentrations 
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Temp. 

<°c> 

(cmfyeec) 

900 

*J9 

3*1  s  10  9 

925 

5.0  *  10 

950 

6.7  a  10“*7 

975 

8.0  x  Uf7 

1000 

9.4  k  10~7 

122 


These  values  fit  the  equation: 


D  -  0.7  exp  (— 34,000/ET) . 


A  gunnery  of  diffusion  in  chromium  is  given  in  Table  74. 


C.  Diffusion  in  Titanium 
1.  Self-diffusion 

Because  of  the  lack  of  a  auitabi 5  radioisotope,  self-diffusion 
in  titanium  has  not  been  measured  expsriiaet'tally .  Estimates  *,:!  the  activation 
energy  for  self-diffusion  in  titanium  can  be  nadt  from  aeaaureaeatt  of  the  heat 
of  fusion,  the  melting  point,  end  the  air  contamination  of  coamercial  titanium. 

f  SB) 

from  the  relation  of  LaClaire,  Q  «■  38  T  ,  the  activation  energy  for 
eelf-diffueion  in  titanium  is  Q  *  73,600  cal/aole?  from  the  plot  of  activation 
energy  for  self-diffusion  ve  melting  point  ahovu  in  fig.  8,  Q  ie  estimated  ee 
Q  »  72,200  cal/mole. 

Nachtrieb  and  Handler's  formula, 0  ■  16.5  A  Hf>  and  Kelley's  date  of 
/\  H|r  »  4,460  cal/mole  yields  an  estimated  value  for  Q  aa  Q  *  73,600  cal/mole. 

Although  the  values  reported  fur  A  Hf  and  T„  vara  rmaaurad  for  beta- 
titanium,  Kaufman  calculated  e  malting  temperature  of  1670°."  for  clpha-t J  C«nium 
which  ie  practically  the  seam  ae  the  accepted  value  of  1667°C  vata- titanium. 
Hence,  the  activation  energy  for  self -diffusion  in  titanium  would  be  expected 
to  he  about  the  same  for  the  two  phases  of  titanium. 

fteynolds,  Ogden,  end  Jeffee^1®^  found  the  activation  energy  for  air  con¬ 
tamination  of  commercial  titanium  to  be  Q  *  75,300  cal/mole.  In  order  to  exy's!* 
this  high  sctlvation  energy,  they  proposed  e  mechanism  requiring  counter  current 
diffusion  of  titanium  atoms  and  oxygen  aroma,  i*  which  self-diffusion  of  titanium 
created  vacancie*  that  would  aid  the  diffusion  of  oxygen.  This  explanation  ap¬ 
pears  more  feasible  then  postulating  interstitial  mechanism.  If  this  model  as 
true,  then  this  observed  activation  energy  should  be  In  good  agreement  with  the 
activation  energy  for  self-diffusion  la  titanium.  The  agreement  with  tbs  above 
empirical  estimates  is  quite  good. 

Since  high  temperature  creep  ie  usually  diffusion  controlled,  end  on  many 
occasions  the  activation  energies  for  the  two  processes  have  been  observed  to  b« 
idtntlc*l,'*®2,<  such  s  comparison  would  be  interesting.  Crr,  fhetby,  and  Dorati 
have  calculated  the  activation  antrgy  for  hath  teaparatura  creep  of  eitapium  from 
the  experimental  data  of  Cuff  and  Grant. (163)  They  found  Q  •  60, COO  cal/«nle 
which  la  somewhat  smaller  than  the  above  estimates  of  the  activation  energy  for 
self-diffusion  in  titanium. 
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2.  Interstitial  Diffusion 


a .  Titanium-Boron 

(8  9) 

Samsonov  and  Latysheva,  *  '  usi..g  the  technique  described 
under  the  tungsten-boron  system  (page  3) >  determined  the  "diffusion,  coefficient" 
of  boron  in  titanium  from  the  measured  rates  of  growth  of  the  TiB2  phase.  Their 
data  fitted  the  equation: 


D  ■  2.15  x  104  exp  [-(9,150  4  2,800} /RT) 


over  the  temperature  range  of  800  to  1200°C.  The  date,  is  givon  in  Table  75. 


Table  75 

Titanium-Boron  Diffusion  Data  Using  the 
3aa»onov  and  Latysheva  Technique(o,9) 


D 

(C  -  C2> 

Q 

(cal/aole) 

D0 

(csr/sac) 

c  -  c2 

(g/cmJ) 

(cm2 /sec) 

54.7000 

maarn 

0.333 

2,15  x  1C4  exp 

112.4350 

i  i 

1  1 

150.0640 

B  fwB 

170.6530 

1 

■■H 

b.  Titanium-Carbon 

Samsonov  and  Lstyshcva*®'^  measured  the  growth  of  the  TIC 
phase  as  a  function  of  time  over  the  temperature  range  o£  800  to  1400°C.  2/ 
applying  the  analysis  described  under  the  tungeten-boron  system  (page  3)  they 
obtained: 


D  -  2.44  x  IQ3  exp  {-(17,500  i  5,670) /RT). 


The  date  is  shown  in  Table  76. 

Wagner,  Bucur,  and  Steinberg* determined  the  diffusion  of  carbon  in 
titanium  by  a  more  reliable  end  standard  procedure  than  that  used  by  Refs.  8 
and  9.  Discs  of  high  purity  titanium  (0.0381  C)  were  pressure  bonded  to  discs 
of  carbon-titanium  alloys  containing  0.4  to  1..37X  C.  These  carhop  alloys  con¬ 
sisted  gf  two  phases.  The  samples  were  annealed  In  the  tenders ture  range  of  7'6 
to  1150  C,  sectioned  and  chemically  analysed.  Three  to  six  specimens  were  run 
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it  each  temperature.  Over  the  composition  range  used,  the  diffusion  coaf  Helen 
»;as  found  to  be  constant.  The  mathematical  analysis  of  C.  Wagner'*”-1'  was  u*«<$ 
to  determine  the  diffusion  coefficient.  The  data  is  reported  in  Table  77. 


Table  76 


Titanium-Carbon  Diffusion  Data^ 


> - 


■A 


Titanium-Hydrogen 

Kusamlchi,  Yagi,  Yukawa,  and  Noda^^’  determined  the 
diffusion  of  hydrogen  in  titanium  from  measurements  of  the  emission  of  hydro¬ 
gen  from  commercially  pure  titanium.  Rod-shaped  titanium  specimens  were  degassed 
in  vacuum  at  700,  750,  800,  850,  and  900°C  and  the  evolved  hydrogen  was  collected 
and  measured.  From  the  data,  the  d< f fusion  coefficient  of  hydrogen  in  alpha- 
titanium  was  calculated  to  her 

D  -  0.27  x  10~2  exp  (-14,200/RT) . 

Waailevski  and  Kehl^^  have  diffused  hydrogen  radially  into  cylinders  of 
high  purity  titanium.  Turnings  were  taken  off  the  diameter  and  the  concentration 
of  hydrogen  was  determined.  From  the  meaaur«d  concentration  gradients,  the  dif¬ 
fusion  coefficients  were  evaluated,  and  were  found  to  fit  the  equations: 

tor  O-Ti 

D  -  1.8  x  10“2  exp  (— 12,380/RT) 

for  P-Ti 

D  ■  1.95  x  10~2  exp  (-6,640/RT). 


This  (lata  appears  to  be  very  good  end  q,.»<te  complete. 

Roster,  Banger t,  end  Evers  found  en  interne  1  friction  peek  in  qusnehed 
^.Iphe-titenium  which  hes  e  magnitude  directly  proportional  to  the  hydrogen  con¬ 
tent.  This  peek  was  interpreted  as  due  to  the  stress  induced  interstitial  diffu¬ 
sion  of  hydrogen  in  the  alpha  solid  solution.  The  peak  has  en  activation  energy 
of  Q  ■  13,000  cel/mole  which  i*  in  fair  agreement  with  the  values  obtained  for 
hydrogen  in  alpha-titanium  in  life.  166,  167,  end  163. 

For  diffusion  of  hydrogen  in  en  alloy  of  4%  Al.  41  Hn,  end  921  Ti  (C- 130AM)  „ 
at  room  temperature,  Denials,  Harmon,  end  Troian*/1™)  reported  thee  D  •  1.9  r.  10* 
cm2/ esc.  This  value  falls  between  the  extrapolated  diffusion  coefficients  of 
Waellewakl  end  KahUlw'  for  hydro gen  diffusion  in  alpha  end  bate  titanium. 

The  agreement  on  the  diffusion  coefficient  cf  hydrogen  In  titanium  among 
the  different  authors  la  quits  good,  with  tha  data  of  Vaalltvakl  and  Kshlf*6®' 
probably  being  the  moat  accurate. 

Wesllavikl  and  Kehl^7^  uiasured  the  diffusion  of  nltrogsn 
In  alpha-titanium,  beta* titanium,  and  titanium  nitride  by  diffusing  nitrogen  into 
0.330- inch  diameter  rods  of  high  purity  titanium  over  the  temperature  range  of 
900  to  1570  C.  Turnings  wets  taken  off  the  disaster  end  the  concentration  of 
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nitrogen  determined.  The  diffusion  coefficient  wes  found  to  be  independent  of 
the  concentration  in  each  phase.  The  experimental  points  for  the  diffusion  of 
nitrogen  in  alpha  and  beta  titanium  are  given  in  a  log  D  vs  1/T  plot  shown  in 
Fig.  38.  This  data  may  be  described  by  the  equations: 


I>Q  -  1.2  x  10  L  exp  [-(45,250  +  2,250)/RT] 


Dp  -  3.5  x  10  1  exp  [-(33,800  +  1,400) /RT). 


The  diffusion  of  nitrogen  in  titanium  nitride  may  be  represented  by  the  equation: 


D  -  5.4  x  10  J  exp  [-(52,000  ±  3,500)/RT]. 


Thia  data  is  shown  in  Fig.  39. 


These  veluea  were  obtained  by  e  reliable  technique  and  nay  be  considered 
quite  accurate  as  demonstrated  by  the  small  amount  of  scatter  in  the  data  points 
aa  seen  in  Figs.  38  and  39. 


Gulbranaen  and  Andrew  measured  the  weight  gained  by  e  sample  of  com¬ 
mercially  pure  titanium  heated  in  purified  nitrogen.  The  measurements  were  made 
ee  e  function  of  time  and  gas  pressure  over  the  temperature  rengj  of  550  to  850®C. 
The  rate  controlling  mechanism  followed  e  parabolic  rate  law  and  f '  ’•afore  wee 
aaeumad  to  be  e  diffusion  process  which  vas  evaluated  ee  having  an  activation 
-rergy  of  Q  ■  36,300  ca 1/mole.  This  velua  is  considerably  smaller  then  the  more 
reliable  value  for  diffusion  of  Q  •  45,250  cal/ooie  reported  in  Ref,  171. 


(172) 


For  the  diffusion  of  oxygen  in  beta-titanium  over  the  tem¬ 
perature  range  of  950  to  1414%  tfaailewakl  end  tehl<m>  diffused  oxygen  into 
0.350-inch  diameter  rods  of  high  purity  titanium.  Sectlone  were  machined  off 
the  diameter  of  the  specimen  and  chemically  analysed  for  oxygen.  The  diffusion 
coefficient  wee  found  tv  be  constant  over  the  investigated  concentration  range, 
ftecauae  of  undue  complications  arising  from  surfaca  layers  of  oxide,  no  diffu¬ 
sion  coefficients  were  determined  for  oxygen  diffusion  in  alpha-titanium.  The 
date  for  oxygen  diffusion  in  beta-titanium  may  be  described  by  the  equation: 


D  *  1.6  exp  H4a,200  ±  3,200)/RT). 


This  date  la  shown  in  a  log  D  va  l/T  plot  of  Fig.  40.  The  fine  accuracy  of  thia 
work  la  demonstrated  by  the  small  amount  of  scatter  in  the  data  point#  aa  aaan 
lr.  Fig.  40. 
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Pratt,  Bratina,  and  Chalmers  '  used  a  low-frequency  tornion  pendulum 
technique  to  study  internal  friction  in  alpha- titanium  and  in  titanium-oxygen 
solid  solutions  containing  up  to  4.5  atomic  percent  oxygen.  A  relaxation  peak 
was  found  with  an  activation  energy  of  Q  ■  48,000  cai/mole.  This  peak  has  been 
attributed  to  the  diffusion  of  oxygen  in  a ipha- titanium.  Using  this  value  of 
Q,  Reynolds  and  Jaffee^74)  calculated  D0  ■  0.4  cm  ,  sec  from  the  Dushman-Langrouir 
equation. 

Roe,  Palmer,  and  Qpie^1^  obtained  experimental  values  of  the  diffusion 
coefficient  for  diffusion  of  oxygen  in  titanium  which  are  in  sharp  disagreement 
with  the  results  of  Refs.  171  and  173.  Samples  of  titanium  were  cut  from  1/4- 
inch  diameter  titanium  75A  bar  stock,  polished  and  packed  tightly  in  T102  powder. 
These  samples  were  heated  for  various  times  up  to  117  hours  at  temperatures  of 
700  to  1150°C.  Microhardneas  measurements  Mere  made  across  the  diameter  of  s 
polished  cross  section  cf  each  of  the  diffused  specimens.  Prom  these  microhard- 
noss  measurements ,  the  concentration  gradient  was  evaluated.  The  diffusion  co¬ 
efficients  determined  for  the  inward  diffusion  of  oxygen  were  compared  with 
measurements  of  outward  diffusion  obtained  by  submerging  a  pl»«  of  oxygen  doped 
titanium  in  a  bath  of  liquid  calcium.  The  agreement  between  the  two  techniques 
Is  good  although  there  is  much  more  scatter  in  the  data  for  outward  diffusion 
than  for  inward  diffusion. 

Th-r  data  may  be  represented  by  the  equations: 


for  a-Ti 


for  P-Ti 


D  «  5.08  x  10  J  exp  (-33,500/RX) 


D  -  3.14  x  10  sxp  (-68,700/RT). 


This  data  is  shown  in  Fig.  41, 

A  possible  sxplanstion  of  Che  excessively  large  activation  energy  for  dif- 
fusion  of  oxygen  in  beta-titanium  was  proposed  by  Parr  in  the  written  disc  teelon 
of  Ref.  175.  Perr  suggested  that  since  this  value  of  Q  ■  68,700  cel/mole  it 
very  does  to  that  which  would  be  expected  for  eei£“diffuaion  in  titanium;  per¬ 
haps  the  oxygen  atoms  occupy  substitutional  sites  and  diffuse  by  e  substitutional 
mechanism  in  the  case  of  beta-titanium.  In  the  ceee  of  alpha* titanium,  the  oxy¬ 
gen  stoma  may  occupy  Interstitial  sites  end  diffuse  by  an  interstitial  mechanism. 
This  possibility  ie  substantiated  by  the  fact  that  the  octahedral  holes  in  alpha 
titanium  ere  about  40X  larger  then  the  holes  in  the  beta  structure. 

Although  this  dete  wee  obtained  with  good  accuracy,  as  may  be  seen  in  the 
small  amount  of  scatter  in  Che  inward  diffusion  dete  (Pig.  41),  a  large  dlecrwp- 
ancy  exists  between  this  dsta  tad  the  squally  good  dsts  reported  in  Ref.  171. 
Since  thle  work  used  less  pure  titanium  then  Ref.  171  (which  was  shown  to  be 
very  important  in  the  work  of  Gupta' 177)  et  si.  reported  in  the  coming  psges) 
end  elnce  diffusion  of  oxygen  in  T102  may  possibly  be  a  controlling  mechanism  in 
this  work,  the  use  of  the  dsts  of  Watilewtki  and  kohl  is  recoaaended.^1^^ 
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Claisee  and  Koenig^  ^  measured  the  diffusion  of  oxygen  into  bata-titanium 
under  the  influence  of  an  electric  field.  Specimens  of  1/4-mm  diameter  wire 
were  oxidized  in  a  local  area  and  then  heated  with  a  d.c.  current  passing  through 
the  specimen.  The  concentration  gradient  was  determined  at  various  time  inter¬ 
val*  by  measuring  the  resistance  of  the  wire  over  a  1/2-nm  length  at  different 
position*  along  the  wire.  Theae  measurement*  were  made  at  *ix  temperature*  in 
the  range  1127  to  1347°C.  The  results  may  be  expressed  by  the  equation: 

0  •  8.3  x  10-2  exp  [-(31,200  +  2,000)/RT], 

A  negative  excess  of  0.4  electron  units  was  found  to  be  carried  by  the  oxygen 
atoms.  Thla  data  seriously  disagrees  with  all  of  the  previouely  reported  diffu¬ 
sion  date. 

Gulbxanaan  and  Andrew1  s^^2^  data  notoriously  disagree*  with  the  data  of 
other  investigator a.  They  examined  the  weight  gained  by  titanium  samples  of  com¬ 
mercial  purity  (0.77%  carbon)  and  by  iodide  titanium  while  hatted  in  purified 
oxygen.  Measurements  were  made  at  a  gas  pressure  of  7.6  cm  of  Hg  and  in  the 
tempe?atura  range  of  250  to  600  C.  Their  date  may  be  given  by  the  relation: 

D  -  1  x  10"*  exp  (-26,000/W), 

Theae  authors  have  made  aimiler  investigation*  on  many  system*  reported 
in  thla  paper.  Their  work  ha*  always  been  conducted  with  extreme  care  and  fine 
experimental  procedure.  However,  their  results  soldo*  agraa  with  dlffuelon  data 
obtained  by  more  reliable  methods.  This  may  load  to  the  conclusion  that  weight 
gain  measurement*  era  not  governed  solely  by  the  diffusion  mechanism. 

f. 

.  .  *•«*«  disagreements  between  different  investigations,  tui 

of  which  are  performed  with  greet  cere  and  a  high  degree  of  finesse,  are  blamed 
on  experimental  error.  Win  error  in  good  experimental  work,  even  in  the  field 
of  diffusion,  can  seldom  be  blamed  for  much  more  than  a  email  fraction  of  these 
Urge  disagreements.  Small  quantities  of  «  third  elemsnt  *r»  often  responsible 
for  e  large  portion  of  these  disagreements,  this  can  be  stun  in  the  work  of 
Gupta  end  Walnlg. '  )  They  used  Internal-friction  measurements  to  study  the 

diffusion  of  oxyfsn  in  alpha- titanium  containing  various  small  additions  of  a 
third  alement.  The  data  1*  listed  in  Teble  78.  this  illustrate  the  !•«.*  rhat 
lrVc*«  activation  energy  for  diffusion  of  oxygen  in  aiphe-titanium 
of  34,000  to  67,000  tal/mole  may  be  produced  by  the  addition  oi  0.J0X  of  verloue 
third  elements. 
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Data  on  Oxygen  Diffusion  in  Tltanltin.  Containin 


Spall  Amounts  of  a  Third  Elea*  it 


3.  Substitutional  Diffuaion 
•.  Titanium-Aluminum 


Ccold<i06>  parforwd  diffusion  maaaureaants  on  samp la a  coo* 

poaad  of  pura  titanium  and  cn«  of  two  different  tltanium-alui.' _ *lloya, 

4  weight  parcant  aluminu®  or  8  weight  parcant  aluminum.  Snap la a  war*  diffused 
at  six  different  tamparaturaa  in  tha  range  983  to  1250°C.  Tha  dlftualon  cosffi- 
cianta  ware  determined  at  a  function  of  concentration  by  means  of  the  Hatano 
analysts,  Tha  Intrinsic  diffusion  coafflcianta  war*  emaeurad  in  soma  aasplae 
by  uaa  of  ThOj  markers.  0  at  •  function  of  atomic  parcant  aluminum  la  abown 
Fig.  42.  For  2  atomic  parcant  aluminum,  j)  la  given  by  the  aquation: 

D  -  1.4  x  10~3  axp  (“<21,900  £  3,700)/IT). 

Similarly  for  12  a  teal  c  parcant  aluminum. 
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D  -  9.0  x  Uf5  axp  (“<25,900  £  4»300)/M). 


\  • 


At  1250  C,  tha  intriualc  diffusion  coafflcianta  for  96.2  atomic  parcant  titanium 

are: 


4.6  *  W"9  cm^/eec 

1A  II  „  ,n"5 _ .2, _ 
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Since  aluminum  stabilises  trie  alpha  phase  in  titanium,  it  was  possible  to  deter¬ 
mine  the  dif fusivitv  of  aluminum  in  alpha-titanium  by  employing  a  couple  com¬ 
posed  of  the  alloys  4  weight  percent  aluminum  and  8  weight  percent  aluminum, 
heated  at  834  and  900  C.  Diffusion  at  these  temperatures  was  too  low  to  use  the 
Matano  method  for  calculating  results,  so  the  Grube  analysis  was  used.  The  re¬ 
sults  fitted  the  equation: 


1.6  x  10  J  exp  (— 23,700/RT) . 


The  data  in  quite  complete,  however,  the  errors  reported  for  the  activation 
energies  are  rather  large. 


The  diffusion  of  titanium  in  alpha  and  gamma  iron  at  low 
titanium  concertraeion  was  measured  by  Moll  and  Ogilvie.(178)  Pressure  bonded 
diffusion  couples  were  prepared  between  pure  iron  and  one  of  two  different  iron- 
titanium  alloys,  2.13  weight  percent  titanium  or  2.45  weight  percent  titanium, 
and  these  samples  were  diffused  for  various  times  at  temperature  in  the  range 
of  1075  to  1225°C.  The  concentration  gradients  were  evaluated  by  a  linear  x-ray 
absorption  technique.  The  observed  rate  of  movement  of  the  alpha-gamma  inter¬ 
face  determined  the  diffusion  of  titanium  in  alpha  iron.  Thia  data  is  given  in 
Table  79. 


Table  7S 


Titanium- Iron 


ion  Data  for  Allova  of 


Composition 


2.13%  Ti 


2.45%  Ti 


2.47%  Ti 


Temp. 

(°C) 

D 

(cnr/isac) 

1075 

9.80  x  10l" 

1150 

2.27  x  10_; 

1225 

8.28  «  «>* 

1075 

3.80  x  lO^J0 

1150 

2.09  x  10^ 

1225 

7.92  x  10^ 

1216 

6.40  x  10"9 

The  equation 


D  •  3.15  exp  (-59,200/RT) 


WADD  TR  60-793 


represents  these  points.  Values  for  the  diffusion  coefficient  of  titanium  in 
ganma  iron  were  calculated  by  applying  a  Matano  analysis  to  the  concentration 
curves  within  the  gamma  phase  region.  The  temperature  variation  of  the  diffu¬ 
sion  coefficient  may  be  described  by  the  equation; 


0.15  exp  (— 60,000/RT) . 


These  results  on  the  activation  energy  for  the  interdif fusion  of  titanium 
in  alpha-iron,  at  low  titanium  concentrations,  are  essentially  the  same  as  the 
activation  energy  for  aelf-dif fusion  of  iron  in  alpha- iron. (90)  This  result 
correlates  with  the  theory  of  Zener(^9)  for  diffusion  in  body-centered  cubic 
alloys  of  low  solute  concentration.  Also  the  scatter  in  the  points  on  a  log  D 
vs  1/T  is  vary  reasonable  for  the  alpha  iron  data.  An  evaluation  of  the  ganma 
iron  data  is  not  possible  since  no  data  points  were  given. 


Goold^  ;  carried  out  diffusion  measurement*  on  samples 
composed  of  purs  titanium  end  one  of  two  different  titanium-manganese  alloys, 

8.5  weight  percent  manganese  or  17  weight  percent  manganese.  Samples  were  dif¬ 
fused  at  five  different  temperatures  in  the  range  830  to  1190°C.  After  diffu¬ 
sion  anneals  at  temperatures  up  to  approximately  1000°C,  0.35  inch  was 
machined  off  the  disaster  of  the  sample  before  taking  the  turnings  for  analysis. 
Sue  to  the  large  manganese  losses  from  the  alloys  by  volatilization  above  1000°C, 
the  normal  methods  of  analysis  ware  not  adequate.  Instead,  the  radial  distribu¬ 
tion  of  manganese  in  the  alloys  was  determined  after  diffusion.  From  this  date, 
the  diffusion  coaffidenta  were  calculated.  Excellent  s;rse»>  *•  '  stwasn  the  two 
techniques  wee  obtained  on  the  same  sample  annealed  at  926°C.  D  aa  a  function 
of  composition  is  shown  in  Fig.  43.  For  8  atomic  percent  manganese,  D  ia  given 
by  the  aquation; 


D  -1,0  x  10”3  exp  K35,2QO  +  1,800)/RT}, 


The  data  ia  quite  complete  and  its  reproducibility  la  represented  by  the  tesson- 
abla  error  reported  for  the  activation  energy. 

<*•  Sit* nimtSiSM 

(32) 

Swelln  and  Martin'  prepared  pressure  welded  diffusion 
couples  of  pur*  nickel  and  a  Hi  -  0.9%  Ti  alley.  Spectrophotometrie  ana ly ala 
of  lathe  turnings  was  used  to  determine  the  concentration  gradient.  The  data 
is  given  lu  Table  80*  This  data  fitted  the  equation: 


D  -  0.86  exp  (-61,400/ET) . 
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Fig.  43  -  Variation  of  the  lnterdiffuaion  coefficient  with 
~  composition  for  the  titeniw-mangansee  •yatem.”®*) 

o  »  determined  from  treneveree  turning* 
x  -  determined  from  circumferential  turning* 
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Table  80 


Data  on  Diffusion  in  the  Titanium-Nickel  System  at 


Low  Titanium  Concentrat 


vmmmummi 


I  Temp. 

!(°o 


(cm  /sec) 


1.53  x  10 


3.23  x  10 


6.19  x  10 


8.75  x  10 


1  UJ] 

I  1282 


1.15  x  10 


1.96  x  10 


A  plot  of  log  D  vs  1/T  is  shown  in  Fig.  44.  These  values  are  very  good  as  may 
be  seen  by  the  small  amount  of  scatter  in  the  data  In  Fig.  44.  Ihe  authors  esti¬ 
mated  their  error  In  the  activation  energy  at  +  1000  cal/mole. 


Samsonov  and  Solonnikova'~  '  reported  a  val-  the  acti¬ 
vation  energy  for  diffusion  of  silicon  in  titanium,  determined  from  measurements 
of  the  growth  of  the  TISijt  phase  as  Q  •  5,690  cal/mole.  The  doubtful  applica¬ 
bility  to  dlffuaion  of  the  data  of  theae  authors  has  previously  been  discussed 
in  thla  paper. 


Goold^06^  measured  the  diffusion  in  couples  ccepoaed  of 


pure  titanium  and  ona  of  two  different  titanium-tin  alloys,  10  weight  perceu*. 
(4.3  atomic  percent)  tin  or  20  weight  percent  (9 .2  atomic  percent)  tin.  Sam¬ 
ples  wars  dlffussd  at  five  different  temperatures  in  tha  range  1004  to  1250  C. 
The  diffusion  coafficlenta  were  decs ruined  as  e  function  of  concentration  by 
means  of  the  Hatano  analysts.  Th02  markers  were  included  In  soma  samples  in 
ordar  to  determine  the  Intrinsic  diffusion  coefficients.  D  as  a  function  of 
atomic  percent  tin  Is  shown  In  Fig.  45.  For  1  atomic  percent  tin,  D  may  be  ex¬ 
preseed  by  the  equation: 


8.4  x  10  /  exp  {**(15,300  ±  3,800)/IT). 
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Similarly  for  8  atomic  percent  tin: 


0  -  2.7  x  10  exp  {-(29,800  +  8,300)/RT]. 

At  1250°C,  the  Intrinsic  diffusion  coefficients  for  98  atomic  percent  titanium 
were: 

*  2.65  x  10~ ^  cm2/ sec 
—9  2 

"*  9.18  x  1C  cm  /see. 

Since  tin  stabilizes  the  alpha  phase  in  titanium,  it  was  possible  '.o  Jc teraanu 
the  dlffusivity  of  tin  in  alpha-titaniunt  by  using  a  diffusion  couple  composed 
of  the  alloy  10  weight  percent  tin  and  20  weight  percent  tin,  heated  at  834°C. 
The  diffusion  at  this  temperature  was  too  smell  to  use  the  Matano  analysis,  so 
the  Grube  analysis  was  used.  This  data  yielded  the  diffusion  coefficient: 


D  ■  0.5  x  10  ca2/sec. 


The  date  la  very  complete;  however,  the  errors  reported  for  the  activation  en¬ 
ergy  ("o' 251)  are  excessively  large. 

f .  Titanium-Uranium 

A  very  complete  and  accurate  lnveatigation  of  the  art fusion 
in  the  titanium-uranium  ayetem  was  performed  by  Adda  and  Philibert. (180)  Pres¬ 
sure  bonded  diffusion  couples  were  prepared  between  pure  uranium  end  pure  titan¬ 
ium.  Diffusion  anneal*  war*  carried  out  between  950  end  1075°C.  The  concentra¬ 
tion  gradients  wars  determined  with  the  electron  talcrobeam  probe,  and  the  dii£ s« 
•Ion  coaff Iolanta  and  the  activation  energies  ware  determined  ••  a  function  of 
composition.  This  data  la  given  in  Table  81  and  can  be  seen  in  Plga.  46  end  47. 
Intrinsic  diffusion  coefficients  were  also  measured.  This  d«U  la  •unmarls'v* 
Table  82  end  la  shown  graphically  in  Pig.  48. 

Order  Titanium  Systems 


Tifcanium-lron-Cobalt 

Gruzin  end  Hnakov^5"^  investigated  the  diffueion  of 
cobalt,  157.  iron,  and  47,  titanium.  A  Co60  Uyer,  0.C 


.60 


Co 

Into  an  alloy  of  SIX  cobalt,  157,  iron,  and  47,  titanium.  A  Coou  Uyer,  0.005  mm 
thick  was  electrolyttcally  deposited  onto  thin  discs  of  the  alloy  and  diffused 
at  the  temperatures  1100  and  1200°C.  Two  to  four  measurements  were  made  st  each 
temperature.  An  svnrsga  of  the  different  measurements  for  the  two  amperatoree 
Investigated  ere  tabulated  in  Table  83. 
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Table  8'/ 


’intrinsic  Diffusion  Coefficients  in  the 
Titanium-Uranium  SvstemdOO) 


- - - -1 

Temp.  C’c) 

950 

1000 

1050 

10/5 

At.  1  0 

82 

82 

82 

83.5 

Intrinsic  D„ 

4.7  x  Ilf9 

9.5  x  lo”9 

1,6  x  Hf8 

2.2  x  10"® 

U 

Intrinsic  DTi 

1.2  x  10“* 

2.9  x  IQ-9 

4.1  x  IQ-9 

5.8  x  10-9 

Table  83 

Data  on  the  Diffusion  of  Co60  in  an  Alloy  of 
8 It  Cobalt.  1.5%  Iren  and  4X  TitanlumU33) 


Tamp. 

(°C) 

D 

(cm^/sec) 

1100 

1200 

7.5  x  10-li 
19.0  x  UTU 

TUia  data  may  be  expressed  by  the  equation: 


l>  •  0.008  exp  (-51,200/IT). 


Thera  La  «  large  uncertainty  In  tha  equation  for  the  temperature  vavlation  of 
the  dlfCualon  coefficient  since  aaaaureaianta  ware  *ade  at  only  two  temperatures. 

b.  TlCanium»Hlckal»Chrottlnn«Ihngotan-AiunlmM 

Kornilov  and  8htny*ev(l8l)  measured  the  diffusion  of  F*59 
In  alloya  of  Nl-Ti,  Hi-Ti-Cr,  #nd  Ni-Ti-Cr-W-Al.  Thea*  alloya  were  nickel  base, 
In  saturated  aoltd  aolutlon;  however,  the  actual  compuaUlone  ware  not  given. 
p*J9  wa»  alactrolytically  deposited  on  20  tea  diameter  dl*ce,  i  to  3  twa  thiok^ 
and  diffusion  annaala  were  performed  in  the  temperature  range  of  920  to  1250  C. 
After  diffuelon,  layer*  were  etched  off  the  surface  of  the  alloy  discs  and  the 
activity  of  the  Fe^*  wea  maaaured.  The  date  la  reported  in  Table  84.  The  ex¬ 
perimental  valuac  are  wlottwd  aa  log  D  va  5/T  ahovn  in  Fig.  49.  The  accuracy 
of  the  data  appears  to  be  vary  good  as  seen  in  the  small  amount  of  scatter  in 
the  data  of  Pig.  49. 
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Table  84 


Frequency  Factor  and  Activation  Energy  for  Diffusion  of  fe 
Nl-Tl.  Ni-Cr-Ti,  and  Nl-'Cr-W-Al-Ti  Allov»tl»l) 


,59 


In 


— 

Alloy 

Q 

(csl/mole) 

(cufyaec) 

Ni 

50,700 

9.2  x  10”* 

Si-Ti 

73,100 

1.6  x  10”1 

Hi-Cr-Ti 

94,000 

4.45  x  10* 

Hi-Cr-W-Al-Ti 

91,300 

8.2  x  XO3 

c,  Iron-Mlckel  plui  a  Third  II— nt 
CTlt  V.  »b,  B  or  Ho) 

It  vu  previously  shown  that  snail  additions  of  a  third 
elenent  can  greatly  alter  the  Measured  diffusion  coefficient  for  the  intersti¬ 
tial  diffusion  of  oxygen  in  titanlusi.  Siallcr  asasursaents  were  nada  fox  the 
substitutional  diffusion  of  in  a  series  of  Iroa-uickel  alloys  with  snail 
audition*  of  e  third  elenant  (titaniun,  vanadlua,  nloblua,  nolybdenun  or  boron). 

Bokahteln,  Kasakova,  Kiahkln,  and  Kiraky^1®**  diffused  fa*’*  Into  alloy 
seep lea,  29  x  9  x  7  an  in  alee,  at  teaperatures  of  1000,  1100,  1750,  and  1200°C. 
The  alloy  conposltions  and  the  diffusion  data  are  presented  in  ...  -  85.  The 
composition  and  teaperatures  were  chosen  so  that  all  assauraneats  were  wade  in 
the  face-centered  cubic  gassss-iron  phase.  The  eeaples  were  sectioned  with  a 
"specially  designed  Machine"  which  removed  whole  alices,  probably  such  like  a 
The  data  appears  to  ba  wary  good  siaca  vary  little  scatter  in  tba 
data  polntals  shown  in  tha  log  D  va  1/T  plots. 

Arkharov,  If  ream,  Ivanovskaya,  Bhtol'ts,  and  Yuniko^*®3'*®^  found  that 
nickel  diffused  through  the  grain  boundaries  of  Acnco  iron  to  a  depth  of  0.16  an 
after  en  anneal  at  13w  C.  Under  tha  ease  conditions,  0.004X  boron  coNplateiy 
alieinatad  the  grain  boundary  penetration  of  nickel,  0.2  to  0.3k  no  ly  Weave  pr  ac¬ 
tically  eliminated  it,  ''.137.  niobiun  reduced  It  to  0.04  ms,  0.271  titaniun  re- 
duced  it  to  0.06  mu,  end  0.21  vanadlua  reduead  it  to  O.H  mu. 

Investigations  such  «s  thaaa  are  few  and  far  between.  With  a  batter  knowl¬ 
edge  of  tha  Minor  constituent*  in  diffusion  couple*  and  their  effect  on  the  dif¬ 
fusion  coefficient,  one  Might  be  able  to  show  a  far  better  correlation  between 
the  data  of  different  investigators. 

«  sunnary  ef  diffusion  in  titan list  is  given  in  Table  16. 
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Table  85 


(xattiMic)  S6-2X  T1  1 12*  2*1   Tl  „  .  „T»  106 


s 
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